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1
METHOD FOR FABRICATING THIN-FILM
SEMICONDUCTOR DEVICE AND THIN-FILM
SEMICONDUCTOR DEVICE

TECHNICAL FIELD

The present invention relates to a method for fabricating a
thin-film semiconductor device and a thin-film semiconduc-
tor device.

BACKGROUND ART

Conventionally, thin-film semiconductor devices referred
to as thin-film transistors (TFTs) have been used for active
matrix display devices such as liquid crystal display devices
and solid-state imaging devices such as digital cameras. In
display devices, the TFTs are used as switching elements
which select pixels, driving transistors which drive pixels,
drivers outside of panels, or the like.

For instance, unlike a voltage-driven liquid crystal display,
an organic EL display including organic electroluminescence
(EL) elements using EL of an organic material is a current-
driven display device. Thus, there is an urgent need for devel-
opment of a high-performance thin-film transistor. A thin-
film transistor includes, above a substrate, a gate electrode, a
semiconductor layer (a channel layer), a source electrode, and
a drain electrode. The channel layer generally includes a
silicon thin film.

Moreover, it has been demanded that a screen size of a
display device be increased and costs of the display device be
reduced. In general, a bottom-gate thin-film transistor whose
gate electrode is formed closer to a substrate than to a channel
layer is used as a thin-film transistor which easily allows cost
reduction.

Bottom-gate thin-film transistors are broadly categorized
into two types, that is, a channel etching thin-film transistor
whose channel layer is etched, and a channel protecting (etch-
ing stopper) thin-film transistor whose channel layer is pro-
tected from etching. Ofthese, the channel protecting thin-film
transistor is capable of preventing damage to the channel
layer by the etching, and of reducing an increase in charac-
teristic variation in the surface of the substrate. In addition,
the channel protecting thin-film transistor is capable of reduc-
ing the thickness of the channel layer and increasing ON
characteristics by reducing parasitic resistance component,
which is advantageous for high definition.

For this reason, the channel protecting thin-film transistor
is suitable for a driving transistor in a current-driven organic
EL display device using organic EL elements, for example.

Moreover, as stated above, because the organic EL element
is the current-driven element, a thin-film transistor driving the
organic EL. element is preferably a polycrystalline silicon
TFT including polycrystalline silicon excelling in a current
drive capability. Consequently, it is possible to obtain a high
current drive capability in a stacked TFT by forming a semi-
conductor layer, a source, and a drain with polycrystalline
silicon. Moreover, especially in a p-type TFT, when a non-
crystalline silicon film is used for a source and a drain, a
resistance value becomes high significantly. For this reason,
when the p-type TFT and a CMOS-type TFT using the p-type
TFT are formed, the p-type TFT is preferably the polycrys-
talline silicon TFT.

As such a technique, a display device has been developed
in which CMOS-type driving circuits advantageous for low
power consumption are evenly formed in a plane using
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stacked TFTs including polycrystalline semiconductors (e.g.,
see Patent Literature (PTL) 1).

CITATION LIST
Patent Literature

[PTL 1] Japanese Unexamined Patent Application Publica-
tion No. 2005-108931

SUMMARY OF INVENTION
Technical Problem

In a conventional channel protecting thin-film semicon-
ductor device, positive fixed electric charge is present in a
channel protection layer. For this reason, a back channel is
formed in a channel layer (crystalline silicon thin film) due to
the fixed electric charge.

This causes a leak current in the thin-film semiconductor
device and deteriorates OFF characteristics of the thin-film
semiconductor device, and thus the structure of the channel
protecting thin-film transistor degrades the TFT performance.

Moreover, because a contact of a source and a drain is
formed by stacking a p*-type layer and an n*-type layer in a
p-type TFT, each of the source and the drain is a diode. Thus,
when a voltage is applied to a gate electrode, an opposite
voltage is always applied to one of the source and the drain. As
a result, a desired current does not flow between the source
and the drain of the p-type TFT due to current characteristics
of'the diode, which degrades the TFT performance.

In view of the above problem, an object of the present
invention is to provide a method for fabricating a thin-film
semiconductor device whose TFT performance is increased,
and a thin-film semiconductor device.

Solution to Problem

In order to achieve the object, a method for fabricating a
thin-film semiconductor device according to an aspect of the
present invention is a method for fabricating a thin-film semi-
conductor device having two thin-film transistors, the method
including: preparing a substrate; forming gate electrodes on
the substrate; forming a gate insulating film on the substrate
and the gate electrodes; forming, on the gate insulating film,
a first semiconductor layer and a second semiconductor layer
each having, as a channel region, a region that is opposite to
a corresponding one of two of the gate electrodes with the
gate insulating film therebetween; forming, by application, a
first channel protection layer and a second channel protection
layer above the first semiconductor layer and the second
semiconductor layer, respectively; forming a first contact
layer of a first conductivity type on a portion of the first
channel protection layer and above the first semiconductor
layer; etching the first semiconductor layer and the second
semiconductor layer to have (i) a channel direction length of
the first semiconductor layer equal to a channel direction
length of the first contact layer and (ii) a channel direction
length of the second semiconductor layer equal to a channel
direction length of the second channel protection layer,
respectively; forming a second contact layer of a second
conductivity type on a portion of the second channel protec-
tion layer and on a portion of sides of the second semicon-
ductor layer, the second conductivity type being different
from the first conductivity type; and forming a source elec-
trode on a portion of each of the first contact layer and the
second contact layer, and forming a drain electrode on an
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other portion of each of the first contact layer and the second
contact layer to be opposite to the source electrode.

ADVANTAGEOUS EFFECTS OF INVENTION

FIGS. 1(a) and (b) are schematic diagrams showing a
structure of a thin-film semiconductor device according to
Embodiment 1.

FIGS. 2(a) and (b) are schematic diagrams showing one
step in a method for fabricating a thin-film semiconductor
device according to Embodiment 1.

FIGS. 3(a) and (b) are schematic diagrams showing one
step in the method for fabricating a thin-film semiconductor
device according to Embodiment 1.

FIGS. 4(a) and (b) are schematic diagrams showing one
step in the method for fabricating a thin-film semiconductor
device according to Embodiment 1.

FIGS. 5(a) and (b) are schematic diagrams showing one
step in the method for fabricating a thin-film semiconductor
device according to Embodiment 1.

FIGS. 6(a) and (b) are schematic diagrams showing one
step in the method for fabricating a thin-film semiconductor
device according to Embodiment 1.

FIGS. 7(a) and (b) are schematic diagrams showing one
step in the method for fabricating a thin-film semiconductor
device according to Embodiment 1.

FIGS. 8(a) and (b) are schematic diagrams showing one
step in the method for fabricating a thin-film semiconductor
device according to Embodiment 1.

FIGS. 9(a) and (b) are schematic diagrams showing one
step in the method for fabricating a thin-film semiconductor
device according to Embodiment 1.

FIGS. 10(a) and (b) are schematic diagrams showing one
step in the method for fabricating a thin-film semiconductor
device according to Embodiment 1.

FIG. 11 is a graph showing operation of a thin-film semi-
conductor device according to Embodiment 1.

FIGS. 12(a) and (b) are schematic diagrams showing a
structure of a thin-film semiconductor device according to a
modification of Embodiment 1.

FIGS. 13(a) and (b) are schematic diagrams showing a
structure of a thin-film semiconductor device according to
Embodiment 2.

FIG. 14 is a TEM image when a cross-section of the thin-
film semiconductor device according to Embodiment 2 is
observed in a bright field.

FIGS. 15(a) and (b) are schematic diagrams showing a
structure of a thin-film semiconductor device according to
Embodiment 3.

FIG. 16 is a partially cutaway perspective view of an
organic EL display device according to the embodiments.

FIG. 17 is a diagram showing a circuit configuration of a
pixel using a thin-film semiconductor device according to the
embodiments.

FIG. 18 is a schematic diagram showing an exemplary
structure of a conventional thin-film semiconductor device.

DESCRIPTION OF EMBODIMENTS

(Underlying Knowledge Forming Basis of the Present
Invention)

In the conventional channel protecting thin-film semicon-
ductor device, the positive fixed electric charge is present in
the channel protection layer. In the channel protection layer
formed by application, especially an amount of the positive
fixed electric charge is larger than that of a channel protection
layer formed by CVD. For this reason, the back channel is
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4

formed in the channel layer (the crystalline silicon thin film)
due to the fixed electric charge.

Here, the back channel refers to a pathway of parasitic
current from a source electrode to a drain electrode via a
neighborhood of an interface with the channel protection
layer in a channel layer. The formation of the back channel
causes a leak current in the thin-film semiconductor device.
This deteriorates the OFF characteristics of the thin-film
semiconductor device, and thus the structure of the channel
protecting thin-film transistor degrades the TFT performance.

FIG. 18 is a cross-sectional view showing a structure of a
conventional display device. This display device includes an
n-type TFT and a p-type TFT.

An n-type TFT 441 in FIG. 18 includes, above a substrate
412n, a gate electrode 432, a gate insulating film, an active
layer, an n-type source 440a, and an n-type drain 4406. A
p-type TFT 442 includes, above a substrate 412p, a gate
electrode 433, a gate insulating film, an active layer, a p-type
source 437a, and a p-type drain 437h. n*-type layers 440
deposited simultaneously when the n-type source 440a and
the n-type drain 4405 of the n-type TFT 441 are formed are
respectively formed on p*-type layers 437 each included in a
corresponding one of the p-type source 437a and the p-type
drain 437b.

As shownin FIG. 18, inthe p-type TFT 442, a contact of the
p-type source 437a and the p-type drain 4375 includes the
p*-type layers 437 and the n*-type layers 440 that are stacked.
In other words, each of the p-type source 4374 and the p-type
drain 4375 1s adiode. Consequently, when a voltage is applied
to the gate electrode 433, an opposite voltage is always
applied to one of the p-type source 437a and the p-type drain
437b. Thus, a desired current does not flow between the
source and drain of the p-type TFT 442 due to current char-
acteristics of the diode, which degrades the TFT performance.

In view of this, as described below, the present invention
achieves a method for fabricating a thin-film semiconductor
device whose TFT performance is increased, and a thin-film
semiconductor device.

A method for fabricating a thin-film semiconductor device
according to an aspect of the present invention is a method for
fabricating a thin-film semiconductor device having two thin-
film transistors, the method including: preparing a substrate;
forming gate electrodes on the substrate; forming a gate insu-
lating film on the substrate and the gate electrodes; forming,
on the gate insulating film, a first semiconductor layer and a
second semiconductor layer each having, as a channel region,
a region that is opposite to a corresponding one of two of the
gate electrodes with the gate insulating film therebetween;
forming, by application, a first channel protection layer and a
second channel protection layer above the first semiconduc-
tor layer and the second semiconductor layer, respectively;
forming a first contact layer of a first conductivity type on a
portion of the first channel protection layer and above the first
semiconductor layer; etching the first semiconductor layer
and the second semiconductor layer to have (i) a channel
direction length of the first semiconductor layer equal to a
channel direction length of the first contact layer and (ii) a
channel direction length of the second semiconductor layer
equal to a channel direction length of the second channel
protection layer, respectively; forming a second contact layer
of a second conductivity type on a portion of the second
channel protection layer and on a portion of sides of the
second semiconductor layer, the second conductivity type
being different from the first conductivity type; and forming
a source electrode on a portion of each of the first contact
layer and the second contact layer, and forming a drain elec-
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trode on an other portion of each of the first contact layer and
the second contact layer to be opposite to the source elec-
trode.

With this configuration, the p-type contact layer and the
n-type contact layer are not stacked in the p-type TFT, and
thus it is possible to increase source-drain current character-
istics. Moreover, in one of the two thin-film transistors, the
semiconductor layer and the contact layer can be made
directly in contact with each other by forming the contact
layer on the portion of the sides of the semiconductor layer,
and thus it is possible to further increase the source-drain
current characteristics. Consequently, it is possible to provide
a thin-film semiconductor device whose TFT performance is
increased.

Moreover, it is possible to form a CMOS transistor having
a suitable structure for the characteristics of each of the n-type
TFT and the p-type TFT.

Furthermore, in comparison to a method for fabricating a
CMOS structure using low-temperature polysilicon (LTPS),
the p-type TFT and the n-type TFT can be formed differently
without a step of impurity implantation, and thus it is possible
to deal with increasing the CMOS structure in size, which has
been conventionally difficult using the LTPS. Moreover, it is
possible to reduce the number of masks for impurity implan-
tation. Thus, it is possible to reduce the cost of fabricating the
CMOS structure.

Moreover, the first contact layer and the second contact
layer may have an average grain size smaller than an average
grain size of the channel regions.

With this configuration, the semiconductor thin-film
device makes it possible to decrease an OFF-state current.

Moreover, each of the first semiconductor layer and the
second semiconductor layer may include a semiconductor
film and an intrinsic semiconductor layer that is non-crystal-
line and formed above the semiconductor film, and the first
conductivity type may be an n-type, and the second conduc-
tivity type may be a p-type.

With this configuration, because the first contact layer is
formed above the portion of the first semiconductor layer and
includes the non-crystalline intrinsic semiconductor layer,
the non-crystalline intrinsic semiconductor layer is placed on
a current pathway (electrical path) between the source and
drain electrodes. In other words, it is possible to form the
current pathway passing through the non-crystalline intrinsic
semiconductor layer. Because a resistance value of the non-
crystalline intrinsic semiconductor layer is high, an amount of
voltage drop in the non-crystalline intrinsic semiconductor
layer increases, and a voltage applied to a channel decreases.
Thus, with this configuration, even the n-type TFT which has
difficulty decreasing OFF-state current makes it possible to
inhibit the OFF-state current.

Furthermore, the p-type semiconductor makes it easy to
decrease the OFF-state current, and thus it is possible to form
a current pathway (carrier path) which does not pass through
the non-crystalline intrinsic semiconductor layer, by forming
the second contact layer on the sides of the semiconductor
layer. With this, it is possible to increase ON-state current in
the p-type TFT.

By structuring the p-type TFT and the n-type TFT difter-
ently as above, it is possible to decrease the OFF-state current
in the n-type TFT, and keep the ON-state current high in the
p-type TFT.

Moreover, at least one of the first semiconductor layer and
the second semiconductor layer may include a semiconductor
film and an intrinsic semiconductor layer that is non-crystal-
line, the forming of a first channel protection layer and a
second channel protection layer may include forming the
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intrinsic semiconductor layer at least on the channel region,
and in the forming of the intrinsic semiconductor layer, the
intrinsic semiconductor layer may be formed to satisfy
B, <B.,, where energy levels at lower edges of conduction
bands of the semiconductor film and the intrinsic semicon-
ductor layer are B, and E_,,, respectively.

With this configuration, the amorphous silicon film is pro-
vided as a back channel layer, and thus it is possible to
perform a field shield by offsetting positive fixed electric
charge of the channel protection layer by a charge density of
negative carrier in a localized level density (trap density) of
the intrinsic semiconductor layer. With this, it is possible to
reduce the formation of the back channel, and inhibit a leak
current at an off time, thereby increasing the OFF character-
istics. In addition, it is possible to reduce an occurrence of a
kink phenomenon that is a phenomenon in which a drain
current increases rapidly.

Moreover, in the forming of the intrinsic semiconductor
layer, a first intrinsic semiconductor film may be formed as
the intrinsic semiconductor layer on the semiconductor film,
and a second intrinsic semiconductor film may be formed as
the intrinsic semiconductor layer on the first intrinsic semi-
conductor film, and the first intrinsic semiconductor film and
the second intrinsic semiconductor film may be formed of an
amorphous silicon film.

With this configuration, it is easy to form the intrinsic
semiconductor layer having a crystallization rate that varies
as its deposition progresses from near the surface of the
semiconductor film. In addition, the first intrinsic semicon-
ductor film and the second intrinsic semiconductor film are
each formed of the amorphous silicon film, and thus it is
possible to increase the OFF characteristics by reducing the
formation ofthe back channel due to the positive fixed electric
charge contained in the channel protection layer.

Moreover, in the forming of the intrinsic semiconductor
layer, the first intrinsic semiconductor film and the second
intrinsic semiconductor film may be continuously formed in
a same vacuum apparatus, and the first intrinsic semiconduc-
tor film and the second intrinsic semiconductor film may be
formed to achieve a crystallization rate of the first intrinsic
semiconductor film higher than a crystallization rate of the
second intrinsic semiconductor film.

With this configuration, in a fabricating step, an opposite
polarity film is never exposed to a contact portion because the
first intrinsic semiconductor film and the second intrinsic
semiconductor film are continuously formed in the same
vacuum apparatus, and thus dopants included in the n-type
semiconductor and the p-type semiconductor do not move to
and from the opposite polarity film. As a result, it is possible
to form a high-performance TFT. In addition, because the first
intrinsic semiconductor film and the second intrinsic semi-
conductor film are formed to achieve the crystallization rate
of'the first intrinsic semiconductor film higher than the crys-
tallization rate of the second intrinsic semiconductor film, itis
possible to easily satisfy E_,<E_,

Moreover, the forming of a second contact layer may
include: forming the second contact layer on the first channel
protection layer, the first contact layer, and sides of the first
semiconductor layer; and removing the second contact layer
formed above the first contact layer.

With this configuration, the p-type contact layer and the
n-type contact layer are not stacked in the p-type TFT, and
thus it is possible to increase source-drain current character-
istics. Furthermore, because the contact layer is formed on the
portion of the top and sides of the channel protection layer and
on the portion of the sides of the semiconductor layer, and
function as an electric field relaxation layer when a drain
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current is high, it is possible to increase reliability of the
thin-film semiconductor device by decreasing a source-drain
OFF-state current. In addition, the semiconductor layer and
the contact layer can be made directly in contact with each
other, and thus the contact portion where the semiconductor
layer and the contact layer are directly in contact with each
other is effective mainly as a current inlet. Consequently, it is
possible to provide the thin-film semiconductor device whose
TFT performance is increased.

Moreover, in the forming of a first contact layer, the first
contact layer may be formed to have a film thickness greater
than a film thickness of the second contact layer formed in the
forming of a second contact layer.

With this configuration, it is possible to prevent the film
thickness of the first contact layer from being reduced, in the
removing of the second contact layer formed above the first
contact layer.

A thin-film semiconductor device according to another
aspect of the present invention is a thin-film semiconductor
device having at least a first thin-film transistor and a second
thin-film transistor, wherein the first thin-film transistor
includes: a first gate electrode; a first insulating film on the
first gate electrode; a first semiconductor layer which is on the
first insulating film and has, as a channel region, a region that
is opposite to the first gate electrode with the first insulating
film therebetween; a first contact layer of a first conductivity
type in contact with and above at least a portion of the semi-
conductor layer; a first source electrode on the first contact
layer; and a first drain electrode opposite to the first source
electrode on the first contact layer, and the second thin-film
transistor includes: a second gate electrode; a second insulat-
ing film on the second gate electrode; a second semiconductor
layer which is on the second insulating film and has, as a
channel region, a region that is opposite to the second gate
electrode with the second insulating film therebetween; a
second contact layer of a second conductivity type in contact
with at least a portion of sides of the semiconductor layer, the
second conductivity type being different from the first con-
ductivity type; a second source electrode on the second con-
tact layer; and a second drain electrode opposite to the second
source electrode on the second contact layer.

With this structure, the p-type contact layer and the n-type
contact layer are not stacked in the p-type TFT, and thus it is
possible to increase source-drain current characteristics.
Moreover, in one of the two thin-film transistors, the semi-
conductor layer and the contact layer can be made directly in
contact with each other by forming the contact layer on the
portion of the sides of the semiconductor layer, and thus it is
possible to further increase the source-drain current charac-
teristics. Consequently, it is possible to provide a thin-film
semiconductor device whose TFT performance is increased.

Moreover, it is possible to form a CMOS transistor having
a suitable structure for the characteristics of each of the n-type
TFT and the p-type TFT.

Furthermore, in comparison to a method for fabricating a
CMOS structure using low-temperature polysilicon (LTPS),
the p-type TFT and the n-type TFT can be formed differently
without a step of impurity implantation, and thus it is possible
to deal with increasing the CMOS structure in size, which has
been conventionally difficult using the LTPS. Moreover, it is
possible to reduce the number of masks for impurity implan-
tation. Thus, it is possible to reduce the cost of fabricating the
CMOS structure.

Moreover, the first contact layer and the second contact
layer may have an average grain size smaller than an average
grain size of the channel regions.
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With this structure, the semiconductor thin-film device
makes it possible to decrease an OFF-state current.

Moreover, the first thin-film transistor may have a first
channel protection layer above the first semiconductor layer,
and in the first thin-film transistor, the first channel protection
layer may have a channel direction length less than a channel
direction length of the first semiconductor layer.

Furthermore, the second thin-film transistor may have a
second channel protection layer above the second semicon-
ductor layer, and in the second thin-film transistor, the second
channel protection layer may have a channel direction length
equal to a channel direction length of the second semicon-
ductor layer.

With this structure, it is possible to form a CMOS transistor
having a suitable structure for the characteristics of each of
the n-type TFT and the p-type TFT.

Moreover, each of the first semiconductor layer and the
second semiconductor layer may include a semiconductor
film and an intrinsic semiconductor layer that is non-crystal-
line and formed above the semiconductor film, and the first
conductivity type may be an n-type, and the second conduc-
tivity type may be a p-type.

With this structure, by structuring the p-type TFT and the
n-type TFT differently as above, it is possible to decrease the
OFF-state current in the n-type TFT, and keep the ON-state
current high in the p-type TFT.

Moreover, each of the first contact layer and the second
contact layer may be formed above a corresponding one of the
first channel protection layer and the second channel protec-
tion layer.

With this structure, the p-type contact layer and the n-type
contact layer are not stacked in the p-type TFT, and thus it is
possible to increase source-drain current characteristics. Fur-
thermore, because the contact layer is formed on the portion
of'the top and sides of the channel protection layer and on the
portion of the sides of the semiconductor layer, and function
as an electric field relaxation layer when a drain current is
high, it is possible to increase reliability of the thin-film
semiconductor device by decreasing a source-drain OFF-
state current. In addition, the semiconductor layer and the
contact layer can be made directly in contact with each other,
and thus the contact portion where the semiconductor layer
and the contact layer are directly in contact with each other is
effective mainly as a current inlet. Consequently, itis possible
to provide a thin-film semiconductor device whose TFT per-
formance is increased.

Moreover, the first insulating film and the second insulat-
ing film may be connected.

Furthermore, the channel protection layer may be made of
an organic material.

Moreover, the thin-film semiconductor device may be a
complementary metal-oxide-semiconductor (CMOS) device.

Furthermore, at least one of the first semiconductor layer
and the second semiconductor layer may include: a semicon-
ductor film; and an intrinsic semiconductor layer that is non-
crystalline and formed between the semiconductor film and a
channel protection layer.

Moreover, the semiconductor film may be made of crys-
talline silicon, and the intrinsic semiconductor layer may be
made of amorphous silicon.

With this structure, the amorphous silicon film is provided
as a back channel layer, and thus it is possible to perform a
field shield by offsetting positive fixed electric charge of the
channel protection layer by a charge density of negative car-
rier in a localized level density (trap density) of the intrinsic
semiconductor layer. With this, it is possible to reduce the
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formation of the back channel, and inhibit a leak current at an
off time, thereby increasing the OFF characteristics.

Moreover, wherein B_,<E_, may be satisfied, where energy
levels at lower edges of conduction bands of the semiconduc-
tor film and the intrinsic semiconductor layer are B, and E .,
respectively.

With this structure, it is possible to reduce the occurrence
of the kink phenomenon which is the phenomenon in which
the drain current increases rapidly, and thus it is possible to
achieve the thin-film semiconductor device whose TFT per-
formance is increased.

Moreover, the intrinsic semiconductor layer may include a
first intrinsic semiconductor film formed on the semiconduc-
tor film, and a second intrinsic semiconductor film formed on
the first intrinsic semiconductor film, and the first intrinsic
semiconductor film and the second intrinsic semiconductor
film may have different electron affinities.

With this structure, it is easy to form the intrinsic semicon-
ductor layer having a crystallization rate that varies as its
deposition progresses from near the surface of the semicon-
ductor film. In addition, the first intrinsic semiconductor film
and the second intrinsic semiconductor film are each formed
of the amorphous silicon film, and thus it is possible to
increase the OFF characteristics by reducing the formation of
the back channel.

Furthermore, the first intrinsic semiconductor film and the
second intrinsic semiconductor film may include silicon as a
main component, and have different band gaps.

With this structure, it is possible to adjust the energy level
E,_, at the lower edge of the conduction band.

Moreover, the first intrinsic semiconductor film and the
second intrinsic semiconductor film may each be the amor-
phous silicon film.

With this structure, it is possible to increase the OFF char-
acteristics by reducing the formation of the back channel due
to fixed electric charge contained in the insulating film
formed by application.

Furthermore, the first intrinsic semiconductor film may
have a crystallization rate higher than a crystallization rate of
the second intrinsic semiconductor film.

With this structure, it is possible to easily satisfy E_,<E,.;.

Moreover, an energy level E ., at a lower edge of a con-
duction band of the semiconductor film and an energy level
E., at alower edge of a conduction band of the first intrinsic
semiconductor film may be adjusted to prevent a spike from
occurring in a connection part of the semiconductor film and
the first intrinsic semiconductor film.

With this structure, it is possible to reduce the occurrence
of the kink phenomenon which is the phenomenon in which
the drain current increases rapidly, and thus it is possible to
achieve the thin-film semiconductor device whose TFT per-
formance is increased.

A thin-film semiconductor device according to a further
aspect of the present invention is a thin-film semiconductor
device having two thin-film transistors, wherein each of the
two thin-film transistors includes: a gate electrode; a gate
insulating film on the gate electrode; a semiconductor layer
which is on the gate insulating film and has, as a channel
region, a region that is opposite to the gate electrode with the
gate insulating film therebetween; a channel protection layer
on the channel region; a contact layer in contact with and
above a portion of the semiconductor layer; a source electrode
on the contact layer; and a drain electrode opposite to the
source electrode on the contact layer, and the contact layer of
one of the two thin-film transistors and the contact layer of the
other of the two thin-film transistors have different conduc-

tivity types.
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With this structure, the p-type contact layer and the n-type
contact layer are not stacked in the p-type TFT, and thus it is
possible to increase source-drain current characteristics.
Consequently, it is possible to provide a thin-film semicon-
ductor device whose TFT performance is increased.

Furthermore, in comparison to a method for fabricating a
CMOS structure using low-temperature polysilicon (LTPS),
the p-type TFT and the n-type TFT can be formed differently
without a step of impurity implantation, and thus it is possible
to deal with increasing the CMOS structure in size, which has
been conventionally difficult using the LTPS. Moreover, it is
possible to reduce the number of masks for impurity implan-
tation. Thus, it is possible to reduce the cost of fabricating the
CMOS structure.

Although a method for fabricating a thin-film semiconduc-
tor device according to the present invention is described
below based on embodiments, the present invention is defined
based on the scope of the claims. Thus, among the structural
elements in the following embodiments, structural elements
not recited in any of the claims are not always necessary for
solving the problem of the present invention, but are
described as making up more suitable embodiments. Itis to be
noted that each figure is a schematic diagram, and does not
necessarily illustrate exactly.

Embodiment 1

(Structure of Thin-Film Semiconductor Device)

First, the following describes a structure of a thin-film
semiconductor device 100 according to Embodiment 1 of the
present invention, with reference to FIG. 1. FIG. 1 is a sche-
matic diagram showing the structure of the thin-film semi-
conductor device 100 according to this embodiment of the
present invention. (a) in the figure is a top view, and (b) in the
figure is a cross-sectional view along A-A' line.

As shown in FIG. 1, the thin-film semiconductor device
100 according to this embodiment of the present invention is
a thin-film semiconductor device including thin-film transis-
tors 100a and 1005 having opposite polarities. The thin-film
transistors 100a and 1005 are formed on a substrate 110, a
gate electrode 111a and a gate electrode 1115 formed on the
substrate 110, and a gate insulating film 112 formed on the
substrate 110 and the gate electrodes 111a and 1115, and
constitute a complementary metal-oxide-semiconductor
(CMOS) device.

The thin-film transistor 100a, one of the two thin-film
transistors, is a transistor of n-type conductivity, a first con-
ductivity type, and includes: a semiconductor layer formed
above the gate electrode 111a and having a channel region;
contact layers 116a and 1165 of n-type conductivity each of
which is formed in contact with and above a corresponding
one of portions of the semiconductor layer; a source electrode
120a formed on the contact layer 116a; and a drain electrode
1204 formed opposite to the source electrode 120a on the
contact layer 1165. Moreover, a channel protection layer
115a is formed above the semiconductor layer. Furthermore,
the semiconductor layer includes a semiconductor film 113«
and an intrinsic semiconductor layer 114a that is formed
between the semiconductor film 113a and the channel pro-
tection layer 1154. Here, the source electrode 120a and the
drain electrode 1205 correspond to a first source electrode
and a first drain electrode in the present invention, respec-
tively. In addition, the contact layers 116a and 1165 corre-
spond to a first contact layer in the present invention.

The thin-film transistor 1005, the other of the two thin-film
transistors, is a transistor of p-type conductivity, a second
conductivity type opposite to the first conductivity type, and



US 9,209,309 B2

11

includes: a semiconductor layer formed above the gate elec-
trode 1115 and having a channel region; contact layers 1176
and 117¢ of p-type conductivity each of which is formed in
contact with a corresponding one of portions of sides of the
semiconductor layer; a source electrode 120¢ formed on the
contact layer 1175b; and a drain electrode 1204 formed oppo-
site to the source electrode 120c¢ on the contact layer 117c.
Moreover, a channel protection layer 1155 is formed above
the semiconductor layer. Furthermore, the semiconductor
layer includes a semiconductor film 1135 and an intrinsic
semiconductor layer 1145 that is formed between the semi-
conductor film 1135 and the channel protection layer 1155.
Here, the source electrode 120¢ and the drain electrode 1204
correspond to a second source electrode and a second drain
electrode in the present invention, respectively. In addition,
the contact layers 1176 and 117¢ correspond to a second
contact layer in the present invention.

The following describes in detail each structural element of
the thin-film semiconductor device 100 according to this
embodiment.

The substrate 110 is, for instance, a glass substrate made of
a glass material such as silica glass, alkali-free glass, and
highly heat-resistant glass. It is to be noted that an undercoat
layer made of a silicon nitride (SiN,) film, a silicon oxide
(5i0,), silicon oxynitride (SiO,N,) film, or the like may be
formed on the substrate 110, to prevent impurity such as
sodium and phosphorus in the glass substrate from entering
the semiconductor films 113¢ and 11354. In addition, the
undercoat layer sometimes functions to buffer heat on the
substrate 110 in a high-temperature thermal treatment pro-
cess such as laser annealing. The film thickness of the under-
coat layer can be approximately from 100 to 2000 nm, for
example.

The gate electrodes 111a and 1115 are patterned in a pre-
determined shape on the substrate 110. The gate electrodes
111a and 1115 can be made of a single-layer structure or
multilayer structure of a conductive material, an alloy of
conductive materials, or the like, and be formed of molybde-
num (Mo), aluminum (Al), copper (Cu), tungsten (W), tita-
nium (1), chrome (Cr), molybdenum tungsten (Mo W), or the
like. The film thickness of each of the gate electrodes 111a
and 1115 can be approximately from 20 to 500 nm, for
instance.

The gate insulating film 112 is formed on the gate elec-
trodes 111a and 1115, and formed on the whole surface of the
substrate 110 to cover the gate electrodes 111a and 1115 in
this embodiment. The gate insulating film 112 can be made
of, for example, a single-layer film of silicon oxide (SiO,),
silicon nitride (SiN,), silicon oxynitride (SiO N,), aluminum
oxide (AlO,), or tantalum oxide (TaO,)), or a stacked-layer
film of these materials. The film thickness of the gate insu-
lating film 112 can be from 50 to 300 nm, for instance.

It is to be noted that because the semiconductor films 113a
and 1135 are each included as a semiconductor layer to be a
channel region of a corresponding one of TFTs in this
embodiment, silicon oxide is preferably used as the gate
insulating film 112. This is because a state of the interface
between the semiconductor films 1134 and 1135 and the gate
insulating film 112 is preferably made satisfactory to main-
tain favorable threshold voltage characteristics in the TFT,
and silicon oxide is suitable for this purpose.

The semiconductor films 113q and 1135 each are a semi-
conductor layer which is on the gate insulating film 112 and
has, as a channel region, a region that is opposite to the gate
electrodes 111a and 1115 with the gate insulating film 112
therebetween. Specifically, the semiconductor films 113a and
1134 each are a semiconductor film including a crystalline
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silicon thin film 113 formed on the gate insulating film 112,
and have a predetermined channel region that is a region in
which the movement of carriers is controlled with the voltage
of the gate electrodes 111a and 1115. The channel length of
the TFT is defined as a width of the channel protection layers
1154 and 1155.

The semiconductor films 113a and 1135 each are, for
instance, a crystalline silicon thin film having a crystalline
organizational structure, and include a microcrystalline sili-
con thin film or a polysilicon thin film. In this case, the
semiconductor films 1134 and 1135 can be formed by crys-
tallizing non-crystalline silicon (amorphous silicon).

Moreover, the semiconductor films 113a and 1135 may
each be an amorphous silicon film or a film including amor-
phous silicon. For example, the semiconductor films 113«
and 1135 may each be a silicon thin film having a mixed
crystal structure of amorphous silicon (non-crystalline sili-
con) and crystalline silicon. Moreover, the semiconductor
films 113¢ and 1135 may each be a semiconductor layer in
which amorphous silicon is above crystalline silicon. In this
case, to obtain superior ON characteristics, at least the pre-
determined channel region of each of the semiconductor films
113a and 1135 is preferably formed of a film having a high
ratio of crystalline silicon.

The film thickness of each of the semiconductor films 113a
and 1135 can be approximately from 20 to 100 nm, for
instance. It is to be noted that the principal plane direction of
the silicon crystal included in the semiconductor films 113«
and 1135 is preferably [100]. With this, it is possible to form
the semiconductor films 113a and 1135 having superior crys-
tallinity.

It is to be noted that the average grain size of the crystal
silicon in the semiconductor films 113a and 1134 is approxi-
mately 5 to 1000 nm, and the semiconductor films 113a¢ and
11354 include polycrystal having an average grain size of 100
nm or more, or fine crystal referred to as microcrystal (jic)
having an average grain size of 10 to 100 nm.

The intrinsic semiconductor layers 114a and 1145 are
intrinsic semiconductor layers formed on the semiconductor
films 113a and 1135, and specifically each are an amorphous
silicon film not intentionally doped with an impurity.

The intrinsic semiconductor layers 114a and 1145 are
formed on the respective surfaces of the semiconductor films
1134 and 1135. The film thickness of each of the intrinsic
semiconductor layers 114a and 1145 can be approximately
20 nm. It is to be noted that a suitable range of the film
thickness of each of the intrinsic semiconductor layers 114a
and 1145 is from 20 to 140 nm.

Where energy levels at the lower edges of conduction
bands (CBs) of the semiconductor films 113a¢ and 1135 and
the intrinsic semiconductor layers 114a and 1145 are E_, and
E,_,, respectively, the semiconductor films 1134 and 1135 and
the intrinsic semiconductor layers 114a and 1144 are config-
ured to satisfy E_,<E,,.

Moreover, in this embodiment, the intrinsic semiconductor
layers 114a and 1145 are each configured to have a crystal-
lization rate that varies as its deposition progresses from near
the surface ofa corresponding one of the semiconductor films
113a and 11354. In this case, the intrinsic semiconductor lay-
ers 114a and 1145 near the surfaces of the semiconductor
films 113a and 1135 are each preferably configured to have a
crystallization rate higher than that of parts of the intrinsic
semiconductor layers 114a and 1145 which are away from
near the surfaces of the semiconductor films 113a and 1135.
Setting the crystallization rates in this manner easily allows
Ecp<Ecl .
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The intrinsic semiconductor layers 114a and 11454 in this
embodiment include crystal silicon grains having a grain size
of at least 5 nm and at most 100 nm. Moreover, the intrinsic
semiconductor layers 114a and 1145 each have a crystalliza-
tion rate in a thickness direction that gradually increases
toward a corresponding one of the semiconductor films 1134
and 1135, and the intrinsic semiconductor layers 114a and
1144 include the crystal silicon grains whose grain size
gradually increases toward the semiconductor films 1134 and
1134 in this embodiment. In contrast, the parts of the intrinsic
semiconductor layers 114a and 1145 away from near the
surfaces of the semiconductor films 113a and 1135 are not
crystallized, and thus each have a crystallization rate of zero.

It is to be noted that a crystallization rate means, when a
semiconductor film includes, for instance, silicon as a main
component, a degree of crystallization of a composition of the
silicon semiconductor film. The crystallization rate can be
expressed in, for example, the size of the crystal grain as
above, a density of the same crystal grains, and so on. In
addition, the crystallization rate can be expressed as a crys-
tallization rate only by crystalline component or as a crystal-
lization rate by crystalline component and non-crystalline
component (amorphous component).

In this embodiment, the intrinsic semiconductor layers
114a and 1145 are each formed of intrinsic amorphous silicon
not intentionally doped with an impurity. It is to be noted that
although generally a composition of an amorphous silicon
film includes only amorphous component, a composition of
an amorphous silicon film in this embodiment additionally
includes microcrystalline component.

According to the above structure, because the contact lay-
ers 116a and 1165 are each formed above a corresponding
one of portions of the semiconductor film 113a, and the
semiconductor film 113« includes the intrinsic semiconduc-
tor layer 114a (non-crystalline intrinsic semiconductor
layer), the intrinsic semiconductor layer 114a is placed on a
current pathway (electrical path) between the source and
drain electrodes. In other words, it is possible to form the
current pathway passing through the intrinsic semiconductor
layer 114 in the thin-film transistor 100qa, the n-type TFT.
Because a resistance value of the intrinsic semiconductor
layer 114aq, the non-crystalline intrinsic semiconductor layer,
is high, an amount of voltage drop in the intrinsic semicon-
ductor layer 114a increases, and a voltage applied to a chan-
nel decreases. Thus, with this structure, even the n-type TFT
which has difficulty decreasing OFF-state current makes it
possible to inhibit the OFF-state current.

Furthermore, because a p-type semiconductor makes it
easy to decrease the OFF-state current, in the thin-film tran-
sistor 1005, the p-type TFT, it is possible to form a current
pathway (carrier path) not passing through the intrinsic semi-
conductor layer 1145, the non-crystalline intrinsic semicon-
ductor layer, by forming the contact layers 1175 and 117¢ on
the sides of the semiconductor film 1135. With this, it is
possible to increase ON-state current in the p-type TFT.

By structuring the p-type TFT and the n-type TFT difter-
ently as above, it is possible to decrease the OFF-state current
in the thin-film transistor 1004, the n-type TFT, and keep the
ON-state current high in the thin-film transistor 1005, the
p-type TFT.

The channel protection layers 115a¢ and 1155 each are a
channel protection layer that protects a semiconductor layer
including a channel region (semiconductor films 1134 and
1134 and intrinsic semiconductor layers 114a and 1145). To
put it another way, the channel protection layers 115a and
1154 each function as a channel etching stopper (CES) layer,
and have a function of preventing the semiconductor films
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113a and 1135 and the intrinsic semiconductor layers 114a
and 11454 in the channel regions from being etched in an
etching process when the contact layers 116a and 1165 in a
pair and the contact layers 1175 and 117¢ in a pair are formed.

The channel protection layers 115a and 1155 are formed
above the channel regions and on the semiconductor layers. In
this embodiment, the channel protection layers 115¢ and
1155 are formed in regions that are right on the intrinsic
semiconductor layers 114a and 1145 and correspond to the
channel regions.

Specifically, in the thin-film transistor 100a, a channel
direction length of the channel protection layer 1154 is made
less than that of the semiconductor layer. Moreover, in the
thin-film transistor 1005, a channel direction length of the
channel protection layer 1155 is made equal to that of the
semiconductor layer.

Here, the expression “a channel direction length of the
channel protection layer” refers to a channel direction length
of each of the channel protection layers 1154 and 1156 on a
corresponding one of the intrinsic semiconductor layers 114a
and 1145. Moreover, the expression “a channel direction
length ofthe channel protection layer is made equal to that of
the semiconductor layer” includes a case where the lengths
are substantially equal in consideration of a variation caused
by etching of the channel protection layers 1154 and 1155.

Moreover, the channel protection layers 115a and 1155
each mainly include a material containing oxygen and car-
bon, and are formed by a method of application. In this
embodiment, the channel protection layers 115a and 1155 are
each formed by patterning or solidifying a photosensitive
application-type material. Examples of an organic material
included in the channel protection layers 1154 and 1155
include an organic resin material, a surfactant, a solvent, and
a photosensitizer. Moreover, the channel protection layers
may each include an inorganic material as a main component.
For instance, a spin on glass (SOG) material represented by
boron phosphorus silicon glass (BPSG) which is a SiO, film
including boron and phosphorus or the like may be used for
the channel protection layers.

A photosensitive or non-photosensitive organic resin mate-
rial containing one or more of polyimide, acryl, polyamide,
polyimideamide, resist, benzocyclobutene, and so on can be
used as an organic resin material that is a main component of
each of the channel protection layers 115a and 1155. A sur-
factant including a silicon compound such as siloxane can be
used as the surfactant. An organic solvent such as propylene
glycol monomethyl ether acetate and 1,4-dioxane can be used
as the solvent. Moreover, a positive photosensitizer such as
naphthoquinone diazide can be used as the photosensitizer. It
is to be noted that the photosensitizer includes not only carbon
but also sulfur.

When the channel protection layers 115a and 1155 are
formed, the above organic material is used in the method of
application such as spin coating. It is to be noted that not only
the method of application but also other methods such as
droplet discharging can be used for forming the channel pro-
tection layers 115a and 1155. For instance, it is also possible
to selectively form an organic material in a predetermined
shape, by using a method of printing which allows a prede-
termined pattern to be formed such as screen printing and
offset printing.

The film thickness of each of the channel protection layers
115a and 1155 is from 300 to 1000 nm, for example. The
lower limit of the film thickness of each of the channel pro-
tection layers 115a and 1155 is determined by considering a
margin by etching and reduction of influence of fixed electric
charge ina corresponding one of the channel protection layers
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115a and 11556. Moreover, the upper limit of the film thick-
ness of each of the channel protection layers 115a and 1155 is
determined by considering reduction of a decrease in process
reliability associated with an increase in step between the
contact layers 116a and 1165 in the pair and the contact layers
1175 and 117¢ in the pair, and the source electrodes 120a and
120c and the drain electrodes 1205 and 1204.

In the thin-film transistor 100a, each of the contact layers
116a and 1165 in the pair includes a non-crystalline semicon-
ductor film having a highly concentrated impurity, and is
formed on the channel protection layer 115a. Stated difter-
ently, the contact layers 116a and 11654 in the pair are formed
above the channel region of the semiconductor film 1134 with
the channel protection layer 115a therebetween. In addition,
the contact layers 116a and 1165 are placed opposite to each
other with a predetermined distance therebetween. It is to be
noted that the expression “on the channel protection layer”
which the contact layers are formed means at least a portion of
the top or side of the channel protection layer.

In other words, in this embodiment, one of the contact
layers 1164 and 1165 in the pair (e.g., contact layer 116aq) is
formed over one end of the channel protection layer 1154 and
the intrinsic semiconductor layer 1144, and is formed to cover
a top and a side at the one end of the channel protection layer
115a, and the top of the intrinsic semiconductor layer 114a in
one of side regions of the channel protection layer 115a.

Moreover, the other of the contact layers 116a and 1165 in
the pair (e.g., contact layer 1165) is formed over the other end
of the channel protection layer 115a and the intrinsic semi-
conductor layer 114a, and is formed to cover a top and a side
at the other end of the channel protection layer 1154, and the
top of the intrinsic semiconductor layer 114¢ in the other of
the side regions of the channel protection layer 115a.

In other words, the contact layers 1164 and 1165 in the pair
are each formed to cover a portion of the channel protection
layer 1154 and in contact with and above a corresponding one
of'portions of the intrinsic semiconductor layer 114a included
in the semiconductor layer. Because this structure allows the
contact layers 116a and 1165 to function as electric field
relaxation layers when a drain current is high, it is possible to
increase the reliability of the thin-film semiconductor device
100 by decreasing a source-drain OFF-state current. In par-
ticular, when the contact layers 1164 and 1165 are formed on
the top of the channel protection layer 1154 functioning as the
CES, itis possible to produce this effect more easily. [tis to be
noted that a contact portion where the contact layers 1164 and
11654 are in contact with portions of the sides of the intrinsic
semiconductor layer 114a and the semiconductor film 113a
that are included in the semiconductor layer is effective
mainly as a current inlet.

It is to be noted that although the effect can be achieved in
any of the p-type semiconductor and the n-type semiconduc-
tor, the effect is effective especially in the n-type semicon-
ductor.

Each of the contact layers 116a and 1165 in the pair can be
formed of, for instance, an n-type semiconductor film in
which phosphorous (P) is doped as an impurity to amorphous
silicon, and is an n* layer having a highly concentrated impu-
rity of 1x10'° [atm/cm?] or more. Moreover, the film thick-
ness of each of the contact layers 116a and 1165 can be from
5 to 100 nm, for example.

It is to be noted that the contact layers 1164 and 1165 in the
pair may each include two layers of a lower electric field
relaxation layer (n™ layer) having a low concentration and an
upper contact layer (n* layer) having a high concentration.
Phosphorous of approximately 1x10*7 [atm/cm?] is doped in
the electric field relaxation layer having the low concentra-
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tion. The two layers can be continuously formed in a chemical
vapor deposition (CVD) apparatus.

Moreover, in the thin-film transistor 1005, each of the
contact layers 1175 and 117¢ in the pair includes a non-
crystalline semiconductor film having a highly concentrated
impurity, and is formed on the channel protection layer 1155.
To put it another way, the contact layers 1175 and 117¢ in the
pair are formed above the channel region of the semiconduc-
tor film 1135 with the channel protection layer 1155 therebe-
tween. In addition, the contact layers 1175 and 117¢ in the
pair are placed opposite to each other with a predetermined
distance therebetween.

In this embodiment, one of the contact layers 1175 and
117¢ in the pair (e.g., contact layer 1175) is formed over an
one end of the channel protection layer 1155, the intrinsic
semiconductor layer 1145, and the semiconductor film 1135,
and is formed to cover a top and a side at the one end of the
channel protection layer 1155, and sides of the intrinsic semi-
conductor layer and the semiconductor film 1135 in one of
side regions of the channel protection layer 1154.

Moreover, the other of the contact layers 1176 and 117¢ in
the pair (e.g., contact layer 117¢) is formed over the other end
of the channel protection layer 115a, the intrinsic semicon-
ductor layer 1145, and the semiconductor film 1134, and is
formed to cover a top and a side at the other end of the channel
protection layer 11554, and the other sides of the intrinsic
semiconductor layer 1145 and the semiconductor film 1136
in the other of the side regions of the channel protection layer
11565.

Stated differently, the contact layers 1175 and 117¢ in the
pair are each formed to cover a portion of the channel protec-
tion layer 1155 and in contact with a corresponding one of
portions of the sides of the intrinsic semiconductor layer 1145
and the semiconductor film 1135 that are included in the
semiconductor layer. Because this structure allows the con-
tact layers 1176 and 117¢ to function as electric field relax-
ation layers when a drain current is high, it is possible to
increase the reliability of the thin-film semiconductor device
100 by decreasing the source-drain OFF-state current. In
particular, when the contact layers 1175 and 117¢ are formed
on the top of the channel protection layer 1154 functioning as
the CES, it is possible to produce this effect more easily. It is
to be noted that a contact portion where the contact layers
1175 and 117¢ are in contact with the portions of the sides of
the intrinsic semiconductor layer 1146 and the semiconductor
film 11354 that are included in the semiconductor layer is
effective mainly as a current inlet.

It is to be noted that although the effect can be achieved in
any of the p-type semiconductor and the n-type semiconduc-
tor, the effect is effective especially in the n-type semicon-
ductor.

Each of the contact layers 1175 and 117¢ in the pair can be
formed of, for instance, a p-type semiconductor film in which
boron (B) is doped as an impurity to amorphous silicon, and
is a p* layer having a highly concentrated impurity of 1x10*°
[atm/cm’] or more. Moreover, the film thickness of each of
the contact layers 1175 and 117¢ can be from 5 to 100 nm, for
example.

It is to be noted that each of the contact layers 1175 and
117¢ in the pair may include two layers of a lower electric
field relaxation layer (p~ layer) having a low concentration
and an upper contact layer (p* layer) having a high concen-
tration. Boron of approximately 1x10'” [atm/cm®] is doped in
the electric field relaxation layer having the low concentra-
tion. The two layers can be continuously formed in the chemi-
cal vapor deposition (CVD) apparatus.
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It is to be noted that by taking advantage of forming the
contact layers and the channel protection layers separately, it
is possible to cause average grain sizes of the first contact
layers 116a and 1165 and the second contact layers 1176 and
117¢ to be smaller than those of the channel protection layers
115a and 1154. With this, it is possible to decrease the OFF-
state current of the thin-film semiconductor device 100.

Each of the source electrode 1204 and the drain electrode
1205 in a pair in the thin-film transistor 100a is formed on a
corresponding one of the contact layers 116a and 1165 in the
pair on the both ends of the channel protection layer 115a and
at the both sides of the channel protection layer 1154 above
the channel region of the semiconductor film 113a. Moreover,
the source electrode 120a and the drain electrode 1205 in the
pair are placed opposite to each other with a predetermined
distance therebetween.

The source electrode 1204 is formed over one of the ends
(one end) of the channel protection layer 1154 and the intrin-
sic semiconductor layer 114a with the contact layer 116a
therebetween. The drain electrode 1205 is formed over the
other of the ends (other end) of the channel protection layer
115a with the contact layer 1165 therebetween.

Each of the source electrode 120¢ and the drain electrode
120d in a pair in the thin-film transistor 1005 is formed on a
corresponding one of the contact layers 1175 and 117¢ in the
pair on the both ends of the channel protection layer 11556 and
at the both sides of the channel protection layer 1155 above
the channel region of the semiconductor film 1135. Moreover,
the source electrode 120¢ and the drain electrode 1204 in the
pair are placed opposite to each other with a predetermined
distance therebetween.

The source electrode 120c is formed over one of the ends
(one end) of the channel protection layer 1155, the intrinsic
semiconductor layer 1145, the semiconductor film 1135, and
the gate insulating film 112, with the contact layer 1176
therebetween. The drain electrode 1204 is formed over the
other of the ends (other end) of the channel protection layer
1154, the intrinsic semiconductor layer 1145, the semicon-
ductor film 1135, and the gate insulating film 112, with the
contact layer 117¢ therebetween. Moreover, the drain elec-
trode 1205 and the source electrode 120c are formed inte-
grally. Itis to be noted that even when the drain electrode 1205
and the source electrode 120¢ are not formed integrally, it is
satisfactory that the drain electrode 1205 and the source elec-
trode 120c¢ are connected electrically.

In this embodiment, the source electrodes 120a and 120c¢
and the drain electrodes 1205 and 1204 can be each made of
the single-layer structure or the multilayer structure of a con-
ductive material, an alloy of conductive materials, or the like,
and include aluminum (Al), molybdenum (Mo), tungsten
(W), copper (Cu), titanium (Ti), chrome (Cr), or the like, for
instance. In this embodiment, the source electrodes 120a and
120c and the drain electrodes 1205 and 1204 are each made of
a three-layer structure of MoW/Al/MoW. The film thickness
of each of the source electrodes 120a and 120c¢ and the drain
electrodes 1205 and 120d can be approximately from 100 to
500 nm, for example.

(Method for Fabricating Thin-Film Semiconductor
Device)

The following describes a method for fabricating the thin-
film semiconductor device 100 according to this embodiment
of the present invention, with reference to FIG. 2 to FIG. 10.
FIG. 2 to FIG. 10 each are a schematic diagram showing one
step in the method for fabricating a thin-film semiconductor
device according to this embodiment of the present invention.
(a) in each figure is a top view, and (b) in each figure is a
cross-sectional view along A-A' line.
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First, as shown in FIG. 2, a glass substrate is prepared as the
substrate 110 (first step). It is to be noted that an undercoat
layer including a silicon nitride film, a silicon oxide film, a
silicon oxynitride film, and so on may be formed on the
substrate 110 by the plasma CVD or the like, before the gate
electrodes 111a and 1115 are formed.

Next, the gate electrodes 111a and 1115 are each formed in
apredetermined shape on the substrate 110. For example, the
gate electrodes 111a¢ and 1115 are formed in the predeter-
mined shape by depositing, by sputtering, a gate metal film
including MoW on the substrate and patterning the gate metal
film using the photolithography and the wet etching (second
step). The wet etching of MoW is performed using a chemical
solution obtained by mixing, for instance, phosphoric acid
(HPO,), nitric acid (HNO,), acetic acid (CH;COOH), and
water at a predetermined compounding ratio.

Next, the gate insulating film 112 is formed to cover the
substrate 110 on which the gate electrodes 111a and 1115 are
formed (third step). For instance, the gate insulating film 112
including silicon oxide is deposited by the plasma CVD orthe
like to cover the gate electrodes 111a and 1115. The silicon
oxide is deposited by introducing, for example, a silane gas
(SiH,) and a nitrous oxide gas (N,O) at a predetermined ratio
of concentration.

Next, the crystalline silicon thin film 113 included in the
semiconductor layer having the channel region is formed on
the gate insulating film 112 (fourth step). For instance, the
crystalline silicon thin film 113 is formed by depositing, by
the plasma CVD or the like, a non-crystalline silicon thin film
including amorphous silicon (non-crystalline silicon) and
crystallizing, by annealing, the non-crystalline silicon thin
film after dehydrogenation annealing is performed. It is to be
noted that the non-crystalline silicon thin film is deposited by
introducing, for example, a silane gas (SiH,) and a hydrogen
gas (H,) at a predetermined ratio of concentration.

It is to be noted that although the non-crystalline silicon
thin film is crystallized by laser annealing using an excimer
laser in this embodiment, laser annealing using a pulse laser
having a wavelength of approximately 370 to 900 nm, laser
annealing using a continuous wave laser having a wavelength
of approximately 370 to 900 nm, or annealing by rapid ther-
mal processing (RTP) may be used as a crystallization
method. Moreover, instead of crystallizing the non-crystal-
line silicon thin film, the crystalline silicon thin film 113 may
be deposited by a direct growth method or the like such as the
CVD (chemical vapor deposition). It is to be noted that when
the crystalline silicon thin film 113 is formed by the laser
annealing, a heat of approximately 1000° C. is locally applied
to the substrate, and when the crystalline silicon thin film 113
is formed by the CVD, a heat of approximately 350° C. is
entirely applied to the substrate.

Subsequently, the silicon atoms of the crystalline silicon
thin film 113 are hydrogenated by performing a hydrogen
plasma process on the crystalline silicon thin film 113. The
hydrogen plasma process is performed by, for instance, gen-
erating hydrogen plasma with radio-frequency (RF) power
using, as a material, a gas including a hydrogen gas such as H,
and H,/Argon (Ar), and irradiating the crystalline silicon thin
film 113 with the hydrogen plasma. In the hydrogen plasma
process, dangling bonds (defects) of the silicon atoms are
hydrogen-terminated to decrease a crystal defect density of
the crystalline silicon thin film 113, thereby increasing a
crystallinity of the same.

Next, as shown in FIG. 3, an amorphous silicon film 114
included in each of the intrinsic semiconductor layers 114a
and 1145, intrinsic semiconductor layers in the present inven-
tion, is formed on a channel region of the crystalline silicon
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thin film 113 (tenth step). Moreover, in this step, the amor-
phous silicon film 114 is formed to allow energy levels at the
lower edges of conduction bands of the crystalline silicon film
113 and the amorphous silicon film 114 to satisty E_,<E,,.

In this embodiment, the crystalline silicon thin film 113
and the amorphous silicon film 114 are continuously depos-
ited in the same vacuum apparatus. Stated differently, the
crystalline silicon thin film 113 and the amorphous silicon
film 114 are deposited without leaking air into the vacuum
apparatus. For example, it is possible to continuously deposit
the crystalline silicon thin film 113 and the amorphous silicon
film 114 by depositing, by the plasma CVD or the like, the
amorphous silicon film 114 on the crystalline silicon thin film
113 under a predetermined deposition condition after the
crystalline silicon thin film 113 is formed. Examples of the
deposition condition include a condition that a RF power
density when the crystalline silicon thin film 113 is formed is
increased more than in a deposition condition of the amor-
phous silicon film or a deposition rate is decreased more than
in the deposition condition of the amorphous silicon film.

Specifically, it is possible to deposit the amorphous silicon
film 114 by introducing, using a parallel plate RF plasma
CVD apparatus, a silane gas (SiH,) and a hydrogen gas (H,)
at a predetermined ratio of concentration with a flow rate of
the silane gas from 5 to 15 scem, a flow rate of the hydrogen
gas from 40 to 75 sccm, a pressure from 1 to 3 Torr, a RF
power from 0.1 to 0.4 kw/cm™>, and an electrode-substrate
distance from 200 to 600 mm. In this embodiment, the depo-
sition is performed with the flow rate of the silane gas 10
sccm, the flow rate of the hydrogen gas 60 sccm, the pressure
being 1.5 Torr, the RF power 0.25 kw/cm ™2, and the electrode-
substrate distance 300 mm.

By depositing the amorphous silicon film 114 to be in
contact with the crystalline silicon thin film 113 under such a
deposition condition, the amorphous silicon film 114 depos-
ited near the surface of the crystalline silicon thin film 113
inherits the crystallinity of the crystalline silicon thin film 113
and is thus naturally crystallized. Moreover, the amorphous
silicon film 114 has a crystallization rate that decreases as its
deposition progresses from the crystalline silicon thin film
113, and after the crystallization rate reaches zero, a portion
of the amorphous silicon film 114 has only amorphous com-
ponent with such a crystallization rate. In other words,
because a portion of the amorphous silicon film 114 deposited
near the surface of the crystalline silicon thin film 113 is
further crystallized with the crystalline silicon thin film 113
serving as a foundation layer, the portion of the amorphous
silicon film 114 has a higher crystallization rate than the
portion of the amorphous silicon film 114 near the surface of
the amorphous silicon film 114.

Alternatively, it is also possible to deposit the amorphous
silicon film 114 having a crystallization rate that varies pro-
gressively away from near the surface of the crystalline sili-
con thin film 113, by actively switching deposition conditions
during the deposition of the amorphous silicon film. For
instance, it is possible to deposit the amorphous silicon film
114 having the crystallization rate that varies progressively
away from near the surface of the crystalline silicon thin film
113, by changing a ratio of concentration or a flow rate of a
source gas of the silane gas (SiH,) and the hydrogen gas (H,)
or by changing a pressure inside the vacuum apparatus.

With this, it is possible to form the amorphous silicon film
114 that satisfies E_,<E_, . It is to be noted that the amorphous
silicon film 114 does not have to be a single layer unlike as
described above, and may be a stacked film in which amor-
phous silicon films are stacked. For example, the amorphous
silicon film 114 can be also considered as a single film includ-
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ing two layers (first intrinsic semiconductor film and second
intrinsic semiconductor film) made of amorphous silicon and
having different crystallization rates. Moreover, after an
amorphous silicon film to be a precursor is formed, exposed
to atmosphere temporarily, and laser-treated, the amorphous
silicon film may be deposited again by the CVD in the
vacuum apparatus.

Next, the channel protection layers 115a and 1155 are each
formed in a predetermined shape on the amorphous silicon
film 114 (fifth step). First, a predetermined organic material
for forming the channel protection layers 115a and 1155 is
applied on the amorphous silicon film 114 by a predetermined
application method, and a channel protection layer forming
film 115 is deposited on the entire surface of the amorphous
silicon film 114 by spin coating or slit coating. The film
thickness of the material can be controlled by the viscosity of
the material or a coating condition (the number of rotations,
speed of blade, and so on). It is to be noted that a photosen-
sitive application-type material containing oxygen and car-
bon can be used as the material for the channel protection
layer forming film 115. Subsequently, the channel protection
layer forming film 115 is prebaked for approximately 60
seconds at the temperature of approximately 110° C. With
this, a solvent in the channel protection layer forming film
115 is evaporated.

Then, as shown in FIG. 4, the channel protection layer
forming film 115 is patterned by the back exposure using the
gate electrodes 111a¢ and 1115 as masks and the development,
and the channel protection layers 115a and 11556 are each
formed in the predetermined shape. Subsequently, the pat-
terned channel protection layers 115a¢ and 1155 are solidified
by being post-baked for approximately one hour at the tem-
perature of 280° C. to 300° C. With this, it is possible to form
the channel protection layers 115a and 1155 whose film qual-
ity is increased due to the evaporation and decomposition of
part of the component in each of the channel protection layers
1154 and 1155.

Next, a contact layer film 116 to be the contact layers 116a
and 1165 constituting the thin-film transistor 100a shown in
FIG. 1 is formed (sixth step). As shown in FIG. 5, the contact
layer film 116 is formed to cover the channel protection layers
115a and 11554. For instance, the contact layer film 116 made
of amorphous silicon doped with an impurity of a quinqueva-
lent element such as phosphorous is deposited by the plasma
CVD.

It is to be noted that the contact layer film 116 may include
two layers of a lower electric field relaxation layer having a
low concentration and an upper contact layer having a high
concentration. The electric field relaxation layer having the
low concentration can be formed by being doped with phos-
phorous of approximately 1x10"7 [atm/cm?]. It is possible to
continuously form the two layers in the CVD apparatus, for
instance.

Next, as shown in FIG. 6, the crystalline silicon thin film
113 and the amorphous silicon film 114 are etched by dry
etching, to remain immediately below the channel protection
layer 1154 and the contact layer film 116, and the channel
protection layer 1155, respectively (seventh step). With this,
the semiconductor film 1134 and the intrinsic semiconductor
layer 114a constituting the thin-film transistor 100a and the
semiconductor film 1135 and the intrinsic semiconductor
layer 11456 constituting the thin-film transistor 1005 are
formed in isolation.

It is to be noted that although FIG. 5 shows the shape after
the contact layer film 116 is etched, the sixth step shown in
FIG. 5 and the seventh step shown in FIG. 6 may be executed
continuously with the vacuum state kept.
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Here, a depth to which the crystalline silicon thin film 113
and the amorphous silicon film 114 are etched or an end
timing of the etching is detected using an end point monitor
(EPM). Specifically, a state of an interface between the crys-
talline silicon thin film 113 and the gate insulating film 112
which appears in the etching is monitored. To put it another
way, the gate insulating film 112, an oxide film, is detected in
the etching step.

In an etching apparatus for drying etching, when an etching
gas including halogen is supplied into a vacuum chamber, and
an alternating voltage is applied between opposite electrodes,
a plasma discharge is generated in the vacuum chamber. By
placing the thin-film semiconductor device 100 in process in
the vacuum chamber, part of the crystalline silicon thin film
113 and the amorphous silicon film 114 which is not covered
with a photosensitive resist is etched by the halogen (radical)
that is activated. Here, the activated halogen has characteris-
tics of having a high etching rate for non-crystalline silicon
and a low etching rate for a silicon oxide film. Thus, when a
degree of vacuum in the vacuum chamber is maintained con-
stant, the radical frequently forms a polymer substance with
the non-crystalline silicon in a period during which the non-
crystalline silicon is etched, and thus abundance becomes less
as the radical in the vacuum chamber. Consequently, it is
possible to understand an etching state transition from the
amorphous silicon film 114 made of the non-crystalline sili-
con and the crystalline silicon thin film 113 to the gate insu-
lating film 112 including the silicon oxide film, by monitoring
the abundance of the radical in the vacuum chamber.

In the method for fabricating the thin-film semiconductor
device 100 in the present invention, the abundance of the
radical in the vacuum chamber is detected as an emission
intensity of a specific wavelength extracted from an emission
spectrum of the radical in etching gas. Specifically, a photo
detector is caused to detect emission of light having the spe-
cific wavelength through a wavelength filter. The photo detec-
tor is, for instance, a CCD sensor and outputs, to a computing
unit, the emission intensity of the radical as a voltage signal.

Because the state of the interface between the crystalline
silicon thin film 113 and the gate insulating film 112 which
appears in the etching can be monitored using the EPM as
above, it is possible to detect a residue of the gate insulating
film 112. With this, the depth to which the crystalline silicon
thin film 113 and the amorphous silicon film 114 are etched or
the etching end timing is detected, and the crystalline silicon
thin film 113 and the amorphous silicon film 114 can be
etched to a desired depth (e.g., a depth of a boundary between
the gate insulating film 112 and the crystalline silicon thin
film 113).

It is to be noted that the crystalline silicon thin film 113 and
the amorphous silicon film 114 may be etched without the
EPM but with a Cl-based gas having a high selection ratio for
the amorphous silicon film and the silicon oxide film, that is,
a high etching rate for the amorphous silicon film and a low
etching rate for the silicon oxide film. In this case, it is pos-
sible to achieve the structure in the present invention by
managing an etching time. The Cl-based gas is suitable for the
present invention because of its high selection ratio in the
etching.

Next, a contact layer film 117 for forming the contact
layers 11756 and 117¢ constituting the thin-film transistor
10056 shown in FIG. 1 is formed (eighth step). As shown in
FIG. 7, the contact layer film 117 is formed on the gate
insulating film 112 to cover the semiconductor films 113a and
11354, the intrinsic semiconductor layers 114a and 11454, the
channel protection layer 1155, and the contact layer film 116.
For instance, the contact layer film 117 made of amorphous
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silicon doped with an impurity of a trivalent element such as
boron is deposited by the plasma CVD.

It is to be noted that the contact layer film 117 may include
two layers of a lower electric field relaxation layer having a
low concentration and an upper contact layer having a high
concentration. The electric field relaxation layer having the
low concentration can be formed by being doped with boron
of approximately 1x10'7 [atm/cm?>]. It is possible to continu-
ously form the two layers in the CVD apparatus, for instance.

Next, as shown in FIG. 8, the contact layer 1174 is formed
in a predetermined shape by etching the contact layer film
117. Moreover, the contact layer film 117 on the thin-film
transistor 100a is removed, and the contact layer film 117 on
the gate insulating film 112 is etched by dry etching to sepa-
rate the thin-film transistors 100a and 1005. In this case also,
an amount of etching of the contact layer film 117 or an
etching end timing is detected using the above EPM, and the
contact layer film 117 can be etched to a desired depth.

Specifically, a state of an interface between the contact
layer film 117 and the gate insulating film 112 which appears
in the etching is monitored. To put it another way, the gate
insulating film 112, an oxide film, is detected in the etching
step.

Inan etching apparatus for drying etching, when an etching
gas including halogen is supplied into a vacuum chamber, and
an alternating voltage is applied between opposite electrodes,
a plasma discharge is generated in the vacuum chamber. By
placing the thin-film semiconductor device 100 in process in
the vacuum chamber, part of the contact layer film 117 which
is not covered with a photosensitive resist is etched by the
halogen (radical) that is activated. Here, the activated halogen
has characteristics of having a high etching rate for non-
crystalline silicon and a low etching rate for a silicon oxide
film. Thus, when a degree of vacuum in the vacuum chamber
is maintained constant, the radical frequently forms a poly-
mer substance with the non-crystalline silicon in a period
during which the non-crystalline silicon is etched, and thus
abundance becomes less as the radical in the vacuum cham-
ber. Consequently, it is possible to understand an etching state
transition from the contact layer film 117 made of the non-
crystalline silicon to the gate insulating film 112 formed of the
silicon oxide film, by monitoring the abundance of the radical
in the vacuum chamber.

In the method for fabricating the thin-film semiconductor
device 100 in the present invention, the abundance of the
radical in the vacuum chamber is detected as an emission
intensity of a specific wavelength extracted from an emission
spectrum of the radical in etching gas. Specifically, a photo
detector is caused to detect emission of light having the spe-
cific wavelength through a wavelength filter. The photo detec-
tor is, for instance, a CCD sensor and outputs, to a computing
unit, the emission intensity of the radical as a voltage signal.

Because the state of the interface between the contact layer
film 117 and the gate insulating film 112 which appears in the
etching can be monitored using the EPM as above, it is pos-
sible to detect a residue of the gate insulating film 112. With
this, the depth to which the contact layer film 117 is etched or
the etching end timing is detected, the contact layer 117a can
be formed by etching the contact layer film 117 to a desired
depth (e.g., depth of a boundary between the gate insulating
film 112 and the contact layer film 117).

Moreover, to ensure an etching margin of the contact layer
film 117, the contact layer film 116 may be formed to have a
sufficient thickness. For example, the contact layer film 116
may be formed to have a thickness of approximately 80 nm. It
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is to be noted that even when the thickness of the contact layer
film 116 is increased to approximately 80 nm, the TFT per-
formance is not degraded.

Next, as shown in FIG. 9, the source electrode 1204 and the
drain electrode 1205 are patterned on the contact layer film
116. In addition, the source electrode 120¢ and the drain
electrode 1204 are patterned on the contact layer 117a (ninth
step). In this case, first, a source-drain metal film which is
made of a material to be each of the source electrodes 120a
and 120c¢ and the drain electrodes 1205 and 1204 is deposited
by sputtering, for instance.

Subsequently, a resist patterned in a predetermined shape is
formed on the source-drain metal film, and the source-drain
metal film is patterned by wet etching. At this time, the con-
tact layer film 116 and the contact layer 1174 function as
etching stoppers.

Then, the source electrodes 120a and 120¢ and the drain
electrodes 1205 and 1204 can be each formed in the prede-
termined shape as shown in FIG. 9, by removing the resist.

Next, the contact layer film 116 and the contact layer 117a
are patterned by dry etching using the source electrodes 120a
and 120¢ and the drain electrodes 1205 and 1204 as masks.
With this, as shown in FIG. 10, it is possible to form the
thin-film transistors 100a and 1005 respectively including the
contact layers 116a and 1165 in the pair each of which is in the
predetermined shape, the contact layers 1175 and 117¢ in the
pair each of which is in the predetermined shape, the intrinsic
semiconductor layers 114a and 1145, and the semiconductor
films 113a and 11354. It is to be noted that as stated above, the
Cl-based gas may be used for the dry etching. The Cl-based
gas is suitable for the present invention because of its high
selection ratio in the etching.

As described above, it is possible to fabricate the thin-film
semiconductor device 100 according to this embodiment of
the present invention. Through the steps, the thin-film tran-
sistor 100q is a semiconductor transistor of n-type conduc-
tivity, and has the source electrode 120a and the drain elec-
trode 1205 that are on the top of the intrinsic semiconductor
layer 114q included in the semiconductor layer. In addition,
the thin-film transistor 1005 is a semiconductor transistor of
p-type conductivity, and has the source electrode 120c¢ and the
drain electrode 120d that are in contact with the sides of the
semiconductor layer 1135 and the intrinsic semiconductor
layer 1145 included in the semiconductor layer.

It is to be noted that with this structure, it is possible to
achieve a CMOS structure with low-cost processing.

FIG. 11 is a graph showing operation of the thin-film semi-
conductor device 100. The graph shows a drain current when
a voltage Vds=4.1V, -0.1 V, 0.1 V, and 4.1 V is applied
between the drain and source of the thin-film semiconductor
device 100. As shown in FIG. 11, because the drain current
increases or decreases when Vds exceeds a threshold value, it
is clear that the thin-film semiconductor device 100 eftec-
tively functions as a CMOS transistor.

As stated above, it has been verified that the thin-film
semiconductor device 100 according to this embodiment
effectively functions as the CMOS transistor.

As described above, the thin-film semiconductor device
100 according to this embodiment is capable of increasing the
source-drain current characteristics, because the p-type con-
tact layer and the n-type contact layer are not stacked in the
p-type TFT. Moreover, in the thin-film transistor 1005,
because the contact layers 1176 and 117¢ are formed on the
portions of the top and sides of the channel protection layer
1155 and on the portions of the sides of the semiconductor
layer 1135, and function as the electric field relaxation layers
when a drain current is high, it is possible to increase the
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reliability of the semiconductor device 100 by decreasing the
source-drain OFF-state current. Furthermore, because the
semiconductor layer 1135 and the contact layers 1175 and
117¢ can be made directly in contact with each other, the
contact portion where the semiconductor layer 1135 and the
contact layers 1175 and 117¢ are directly in contact with each
other is effective mainly as the current inlet. Thus, it is pos-
sible to provide the thin-film semiconductor device 100
whose TFT performance is increased.

Moreover, the intrinsic semiconductor layer 1145 is pro-
vided between the semiconductor film 1135 and the channel
protection layer 1155 as a back channel layer, and thus it is
possible to perform a field shield by offsetting the positive
fixed electric charge of the channel protection layer 1156 by
a charge density of negative carrier in a localized level density
(trap density) of the intrinsic semiconductor layer 1145. With
this, it is possible to reduce the formation of the back channel,
and inhibit a leak current at an off time, thereby increasing the
OFF characteristics. In addition, it is possible to reduce an
occurrence of a kink phenomenon that is a phenomenon in
which the drain current increases rapidly.

Here, with the structure where the intrinsic semiconductor
layer 11454 is provided between the semiconductor film 1135
and the channel protection layer 1155 as the back channel
layer, especially in the p-type transistor, when the semicon-
ductor film 1135 and the channel protection layer 1155
greatly differ in band gap, a current does not easily flow
between the semiconductor film 11356 and the contact layers
1176 and 117c.

However, like the thin-film transistor 1005 of the thin-film
semiconductor device 100, because the semiconductor film
1135 and the contact layers 1176 and 117¢ can be made
directly in contact with each other by forming the contact
layers 1175 and 117¢ on the portions of the sides of the
semiconductor film 1135, this problem can be solved.

Moreover, it is possible to form a CMOS transistor having
asuitable structure for the characteristics of each of the n-type
TFT and the p-type TFT.

Furthermore, in a fabricating step, because an opposite
polarity film is never exposed to the contact portion, dopants
included in the n-type semiconductor and the p-type semi-
conductor do not move to and from the opposite polarity film,
and it is possible to form a high-performance TFT.

Furthermore, in comparison to a method for fabricating a
CMOS structure using low-temperature polysilicon (LTPS),
the p-type TFT and the n-type TFT can be formed differently
without a step of impurity implantation, and thus it is possible
to deal with increasing the CMOS structure in size, which has
been conventionally difficult using the LTPS. Moreover, it is
possible to reduce the number of masks for impurity implan-
tation. Thus, it is possible to reduce the cost of fabricating the
CMOS structure.

It is to be noted that although the crystalline silicon thin
film 113 and the amorphous silicon film 114 are formed by
continuous deposition in the same vacuum apparatus in the
method for fabricating according to this embodiment, the
crystalline silicon thin film 113 and the amorphous silicon
film 114 may be separately deposited in separate steps under
different deposition conditions. With this, it is possible to
reduce a variation in each element of the crystalline silicon
thin film 113 and the amorphous silicon film 114, and achieve
a thin-film semiconductor device suitable for a large panel.

Furthermore, although the crystalline silicon thin film 113
and the amorphous silicon film 114 are patterned by simulta-
neous etching in the same step in the method for fabricating
according to this embodiment, the crystalline silicon thin film
113 and the amorphous silicon film 114 may be separately
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patterned in separate steps. In this case, it is only necessary
that the amorphous silicon film 114 which may have the same
shape as or a different shape from the crystalline silicon thin
film 113 is formed at least on the channel region.

Modification of Embodiment 1

The following describes a modification of Embodiment 1
according to an aspect of the present invention. A thin-film
semiconductor device according to this modification differs
from the thin-film semiconductor device according to
Embodiment 1 in not including an intrinsic semiconductor
layer on a semiconductor layer. For instance, when a channel
protection layer of the thin-film semiconductor device is
made of an inorganic material, an influence of back channel is
less, thereby omitting formation of an amorphous silicon
film.

FIG. 12 is a schematic diagram showing a structure of a
thin-film semiconductor device 150 according to the modifi-
cation. (a) in the figure is a top view, and (b) in the figure is a
cross-sectional view along B-B' line. It is to be noted that the
same reference signs are assigned to structural elements in
FIG. 12 that are the same as those shown in FIG. 1.

As shown in FIG. 12, the thin-film semiconductor device
150 is a thin-film semiconductor device including thin-film
transistors 150a and 1505 having opposite polarities. The
thin-film transistors 150a and 1505 are formed on the sub-
strate 110, the gate electrode 111a and the gate electrode 1115
formed on the substrate 110, and the gate insulating film 112
formed on the substrate 110 and the gate electrodes 111a and
1114, and constitute a complementary metal-oxide-semicon-
ductor (CMOS) device.

The thin-film transistor 150a, one of the two thin-film
transistors, is a transistor of n-type conductivity, the first
conductivity type, and includes: a semiconductor layer 213a
formed above the gate electrode 1114 and having a channel
region; the contact layers 116a and 1165 of n-type conduc-
tivity each of which is formed in contact with and above a
corresponding one of portions of the semiconductor layer
213a; the source electrode 1204 formed on the contact layer
116a; and the drain electrode 1205 formed opposite to the
source electrode 1204 on the contact layer 1165. Moreover,
the channel protection layer 1154 is formed above the semi-
conductor layer 213a. The semiconductor layer 213a
includes a crystalline silicon thin film. Here, the source elec-
trode 120q and the drain electrode 1205 correspond to the first
source electrode and the first drain electrode in the present
invention, respectively. In addition, the contact layers 116a
and 11654 correspond to the first contact layer in the present
invention.

The thin-film transistor 15054, the other of the two thin-film
transistors, is a transistor of p-type conductivity, the second
conductivity type opposite to the first conductivity type, and
includes: a semiconductor layer 2136 formed above the gate
electrode 1115 and having a channel region; the contact lay-
ers 1176 and 117¢ of p-type conductivity each of which is
formed in contact with a corresponding one of portions of the
sides of the semiconductor layer 2135; the source electrode
120c¢ formed on the contact layer 1175; and the drain elec-
trode 1204 formed opposite to the source electrode 120¢ on
the contact layer 117¢. Moreover, the channel protection
layer 1156 is formed above the semiconductor layer. The
semiconductor layer 2135 includes a crystalline silicon thin
film. Here, the source electrode 120¢ and the drain electrode
120d correspond to the second source electrode and the sec-
ond drain electrode in the present invention, respectively. In

10

15

20

25

30

35

40

45

50

55

60

65

26

addition, the contact layers 1175 and 117¢ correspond to the
second contact layer in the present invention.

Moreover, a method for fabricating the thin-film semicon-
ductor device 150 is substantially identical to the method for
fabricating the thin-film semiconductor device 100 described
in Embodiment 1. By omitting a step of forming the intrinsic
semiconductor layers 114a and 1145 in the method for fab-
ricating the thin-film semiconductor device 100, it is possible
to form the thin-film semiconductor device 150.

With this configuration, the p-type contact layer and the
n-type contact layer are not stacked in the p-type TFT, and
thus it is possible to increase source-drain current character-
istics. Moreover, in the thin-film transistor 1505, because the
contactlayers 117band 117¢ are formed on the portions of the
top and sides of the channel protection layer 1155 and on the
portions of the sides of the semiconductor layer 21354, and
function as electric field relaxation layers when a drain cur-
rent is high, it is possible to increase the reliability of the
semiconductor device 150 by decreasing a source-drain OFF-
state current. Furthermore, because the semiconductor layer
2135 and the contact layers 1175 and 117¢ can be made
directly in contact with each other, a contact portion where the
semiconductor layer 2135 and the contact layers 1175 and
117¢ are directly in contact with each other is effective mainly
as a current inlet. With this, it is possible to increase the
source-drain current characteristics in the thin-film transistor
1505.

Moreover, it is possible to form a CMOS transistor having
a suitable structure for characteristics of each of the n-type
TFT and the p-type TFT.

Furthermore, in comparison to a method for fabricating a
CMOS structure using low-temperature polysilicon (LTPS),
the p-type TFT and the n-type TFT can be formed differently
without a step of impurity implantation, and thus it is possible
to deal with increasing the CMOS structure in size, which has
been conventionally difficult using the LTPS. Moreover, it is
possible to reduce the number of masks for impurity implan-
tation. Thus, it is possible to reduce the cost of fabricating the
CMOS structure.

Embodiment 2

The following describes Embodiment 2 according to
another aspect of the present invention. A thin-film semicon-
ductor device according to this embodiment differs from the
thin-film semiconductor device according to Embodiment 1
in that the intrinsic semiconductor layer of the thin-film semi-
conductor device according to Embodiment 1 includes a plu-
rality of intrinsic semiconductor films. In this embodiment, a
thin-film semiconductor device whose intrinsic semiconduc-
tor layer includes a first intrinsic semiconductor film and a
second intrinsic semiconductor film is described as an
example.

FIG. 13 is a schematic diagram showing a structure of the
thin-film semiconductor device according to this embodi-
ment. (a) in the figure is a top view, and (b) in the figure is a
cross-sectional view along C-C' line. It is to be noted that the
same reference signs are assigned to structural elements in
FIG. 13 that are the same as those shown in FIG. 1.

As shown in FIG. 13, a thin-film semiconductor device 200
includes, in thin-film transistors 200a and 2005, first intrinsic
semiconductor films 214a and 2145 and second intrinsic
semiconductor films 215a and 2155 as intrinsic semiconduc-
tor layers on the semiconductor films 113a and 1135.

The first intrinsic semiconductor films 214a and 2145 and
the second intrinsic semiconductor films 215a and 2156 each
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are an amorphous silicon (intrinsic amorphous silicon) film,
and specifically an amorphous silicon film not intentionally
doped with an impurity.

The first intrinsic semiconductor films 214a and 2145 are
formed on the respective surfaces of the semiconductor films
113a and 113b. The second intrinsic semiconductor films
215a and 2155 are formed continuously on the first intrinsic
semiconductor films 214a and 21454. The film thickness of
each of the first intrinsic semiconductor films 214a and 2145
and the second intrinsic semiconductor films 215a and 2155
can be approximately 20 nm. It is to be noted that a suitable
range of the film thickness of each of the first intrinsic semi-
conductor films 214a and 2145 is from 10 to 100 nm, and a
suitable range of the film thickness of each of the second
intrinsic semiconductor films 2154 and 21556 is from 10 to 40
nm.

Where energy levels at the lower edges of conduction
bands (CBs) of the semiconductor films 113a¢ and 1136 and
the first intrinsic semiconductor layers 214a and 214bare E_,
and E_,, respectively, the semiconductor films 113a and
1135, the first intrinsic semiconductor layers 214a and 2145,
and the second intrinsic semiconductor films 215a and 2155
are configured to satisfy E_<E_,.

Moreover, in this embodiment, the first intrinsic semicon-
ductor films 2144 and 2145 and the second intrinsic semicon-
ductor films 215a and 2155 are configured to differ in electron
affinity. In this case, the first intrinsic semiconductor films
214a and 2145 are each preferably configured to have a
greater electron affinity than the second intrinsic semicon-
ductor films 215a and 2156. It is to be noted that an electron
affinity in an intrinsic semiconductor film means a difference
between a vacuum level and an energy level at the lower edge
of a conduction band. In other words, the electron affinity
makes it possible to adjust the energy level at the lower edge
of the conduction band of the intrinsic semiconductor film.

Moreover, in this embodiment, the first intrinsic semicon-
ductor films 2144 and 2145 and the second intrinsic semicon-
ductor films 2154 and 2155 are configured to differ in crys-
tallization rate. In this case, the first intrinsic semiconductor
films 214a and 2145 are each preferably configured to have a
higher crystallization rate than the second intrinsic semicon-
ductor films 215a and 2155. Setting the crystallization rates in
this manner easily allows E_,<E_,.

The first intrinsic semiconductor layers 214a and 2145 in
this embodiment include crystal silicon grains having a grain
size of at least 5 nm and at most 100 nm. In addition, the first
intrinsic semiconductor films 214a and 2144 each have a
crystallization rate in a thickness direction that gradually
increases toward a corresponding one of the semiconductor
films 113 and 1134. In this embodiment, the first intrinsic
semiconductor films 214a and 2145 include the crystal sili-
con grains whose grain size gradually increases toward the
semiconductor films 113« and 1135. In contrast, the second
intrinsic semiconductor films 2154 and 2155 in this embodi-
ment are not crystallized, and thus each have a crystallization
rate of zero.

In this embodiment, each of the first intrinsic semiconduc-
tor films 214a and 2145 and the second intrinsic semiconduc-
tor films 215a and 2155 is formed of an amorphous silicon
(intrinsic amorphous silicon) film not intentionally doped
with an impurity. For example, in the TFTs after fabrication,
each of the first intrinsic semiconductor films 214a and 2145
and the second intrinsic semiconductor films 215a and 2155
is still an amorphous silicon film (non-crystalline silicon
film), and can be configured to have a different energy level at
the lower edge of its conduction band. Alternatively, one of
the first intrinsic semiconductor films 214a and 2145 and the
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second intrinsic semiconductor films 2154 and 2155 are the
amorphous silicon films, the other of the first intrinsic semi-
conductor films 214a and 2145 and the second intrinsic semi-
conductor films 215a and 2155 are the crystalline silicon thin
films including crystalline silicon, and each of the first intrin-
sic semiconductor films 214a and 2145 and the second intrin-
sic semiconductor films 215a and 2155 can be configured to
have a different energy level at the lower edge of its conduc-
tion band. It is to be noted that although generally a compo-
sition of the amorphous silicon film includes only the amor-
phous component, a composition of an amorphous silicon
film in this embodiment may include only the amorphous
component or microcrystalline component.

Moreover, the first intrinsic semiconductor films 214a and
21456 function as conduction band adjustment layers for
adjusting energy levels at the lower edges of conduction
bands between the semiconductor films 1134 and 1135 and
the second intrinsic semiconductor films 215a and 2154. By
adjusting the energy levels E, at the lower edges of the con-
duction bands of the first intrinsic semiconductor films 214a
and 2144 in a desired manner, it is possible to reduce an
occurrence of a kink phenomenon that is a phenomenon in
which a drain current increases rapidly. Thus, it is possible to
provide the thin-film semiconductor device whose TFT per-
formance is increased.

In the thin-film semiconductor device 200 according to this
embodiment, the second intrinsic semiconductor films 215a
and 2155 formed immediately below the channel protection
layers 115a and 11554 each include an amorphous silicon film
having a relatively large band gap. With this, it is possible to
increase OFF characteristics by reducing formation of the
back channel due to positive fixed electric charge contained in
the channel protection layers 1154 and 1155. Especially, in
this embodiment, because the channel protection layers 115a
and 1155 are each made of the organic material, and much
more fixed electric charge is contained in the channel protec-
tion layers 115a and 1154, the second intrinsic semiconductor
films 215a and 2155 each preferably include the amorphous
silicon film.

It is to be noted that it is possible to adjust an energy level
at the lower edge of a conduction band of a semiconductor
film such as the first intrinsic semiconductor films 214a and
2145 by changing an electron affinity or a band gap of the
semiconductor film in this embodiment. In addition, in this
embodiment, by adjusting the energy levels E, at the lower
edges of the conduction bands of the first intrinsic semicon-
ductor films 214a and 214, the energy level E_, of each of the
semiconductor films is configured to satisfy E_,<E,, .

For instance, by configuring the first intrinsic semiconduc-
tor films 2144 and 2145 and the second intrinsic semiconduc-
tor films 2154 and 2155 having silicon as main component to
have different band gaps, it is possible to adjust the energy
levels at the lower edges of the conduction bands of the first
intrinsic semiconductor films 214a and 2145 and the second
intrinsic semiconductor films 215 and 21554. In this case, the
first intrinsic semiconductor films 214a and 2145 are prefer-
ably configured to have band gaps closer to the band gaps of
the semiconductor films 1134 and 1134 than to the band gaps
of the second intrinsic semiconductor films 215a and 2154.
With this configuration, by making continuous energy levels
at the lower edges of conduction bands in connection parts
between the semiconductor films 1134 and 1135 and the first
intrinsic semiconductor films 214a and 2145, it is possible to
reduce an occurrence of a spike (discontinuous part where a
large difference in energy level occurred) in the connection
parts. Thus, it is possible to reduce the occurrence of the kink
phenomenon.
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As stated above, it is also possible to adjust the energy
levels E_, at the lower edges of the conduction bands of the
first intrinsic semiconductor films 214a and 2145 having the
silicon as the main component, by changing a crystallization
rate of a semiconductor film such as the first intrinsic semi-
conductor films 214a and 2145. In this embodiment, the first
intrinsic semiconductor film 214a and 2145 including the
amorphous silicon film are each configured to have the crys-
tallization rate higher than that of each of'the second intrinsic
semiconductor films 215a and 2155 including the amorphous
silicon film. With this configuration, by making continuous
the energy levels at the lower edges of the conduction bands
in the connection parts between the semiconductor films 113«
and 1135 and the first intrinsic semiconductor films 214q and
2145, it is possible to reduce the occurrence of the spike in the
connection parts. Thus, it is possible to reduce the occurrence
of the kink phenomenon.

FIG. 14 is a TEM image when a cross-section of the thin-
film transistor 2004 of the thin-film semiconductor device
200 according to this embodiment of the present invention is
observed in a bright field. It is to be noted that deposition
conditions for the first intrinsic semiconductor film 2144 and
the second intrinsic semiconductor film 215a in FIG. 14 are
described as below.

As shown in FIG. 14, it is clear that the semiconductor
layer of the thin-film semiconductor device 200 according to
this embodiment includes: the semiconductor film 1134 hav-
ing a microcrystal structure with a film thickness of 29 nm;
the first intrinsic semiconductor film 2144 including an amor-
phous silicon film having a film thickness of 28 nm; and the
second intrinsic semiconductor film 2154 including an amor-
phous silicon film having a film thickness of 16 nm.

Moreover, in FIG. 14, a crystallization rate of each of the
semiconductor films increases in an order of the second
intrinsic semiconductor film 2154, the first intrinsic semicon-
ductor film 2144, and the semiconductor film 113a, and it is
especially clear that the crystallization rate of the first intrin-
sic semiconductor film 214a gradually increases toward the
semiconductor film 113a.

The following describes a method for fabricating the thin-
film semiconductor device 200 according to this embodi-
ment. The method for fabricating the thin-film semiconductor
device 200 is the same as the method for fabricating the
thin-film semiconductor device 100 according to Embodi-
ment 1 except for a step of forming the first intrinsic semi-
conductor films 214a and 2145 and the second intrinsic semi-
conductor films 2154 and 2156 constituting an intrinsic
semiconductor layer. Thus, only the step of forming the first
intrinsic semiconductor films 214a and 2145 and the second
intrinsic semiconductor films 2154 and 2156 is described
below.

Afterthe gate electrodes 111a and 1115, the gate insulating
film 112, and the crystalline silicon thin film 113 are formed
on the substrate 110, a stacked film is formed that includes a
first amorphous silicon film 214 for forming the first intrinsic
semiconductor films 214a and 2145 on the channel region of
the crystalline silicon thin film 113 and a second amorphous
silicon film 215 for forming the second intrinsic semiconduc-
tor films 215a and 2155 on the channel region of the crystal-
line silicon thin film 113. Moreover, in this step, the first
amorphous silicon film 214 and the second amorphous silicon
film 215 are formed to allow energy levels at the lower edges
of conduction bands of the crystalline silicon thin film 113,
the first amorphous silicon film 214, and the second amor-
phous silicon film 215 to satisty E_,<E,,.

In this embodiment, the first amorphous silicon film 214
and the second amorphous silicon film 215 are continuously
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deposited in the same vacuum apparatus. In other words, the
first amorphous silicon film 214 and the second amorphous
silicon film 215 are deposited without breaking a vacuum. For
example, it is possible to continuously deposit the first amor-
phous silicon 214 and the second amorphous silicon film 215
by depositing, by the plasma CVD or the like, an amorphous
silicon film on the crystalline silicon thin film 113 under a
predetermined deposition condition after the crystalline sili-
con thin film 113 is formed. Examples of the deposition
condition include a condition that a RF power density when
the crystalline silicon thin film 113 is formed is increased
more than in a deposition condition of the amorphous silicon
film or a deposition rate is decreased more than in the depo-
sition condition of the amorphous silicon film.

Specifically, it is possible to deposit the first amorphous
silicon film 214 and the second amorphous silicon film 215 by
introducing, using a parallel plate RF plasma CVD apparatus,
a silane gas (SiH,) and a hydrogen gas (H,) at a predeter-
mined ratio of concentration, with a flow rate of the silane gas
from 5 to 15 scem, a flow rate of the hydrogen gas from 40 to
75 scem, a pressure from 1 to 3 Torr, a RF power from 0.1 to
0.4 kw/cm™2, and an electrode-substrate distance from 200 to
600 mm. In this embodiment, the deposition is performed
with the flow rate ofthe silane gas 10 sccm, the flow rate of the
hydrogen gas 60 sccm, the pressure 1.5 Torr, the RF power
0.25 kw/cm™2, and the electrode-substrate distance 300 mm.

By depositing the first amorphous silicon film 214 to be in
contact with the crystalline silicon thin film 113 under such a
deposition condition, the first amorphous silicon film 214
deposited near the surface of the crystalline silicon thin film
113 inherits the crystallinity of the crystalline silicon thin film
113 and is thus naturally crystallized. Moreover, the second
amorphous silicon film 215 deposited on the first amorphous
silicon film 214 has a crystallization rate that decreases as its
deposition progresses from the crystalline silicon thin film
113, and after the crystallization rate reaches zero, a portion
of'the second amorphous silicon film 215 has only amorphous
component with such a crystallization rate. To put it another
way, the first amorphous silicon film 214 deposited near the
surface of the crystalline silicon thin film 113 is further crys-
tallized with the crystalline silicon thin film 113 serving as a
foundation layer. With this, a lower layer (first amorphous
silicon film 214) is formed to naturally have a crystallization
rate higher than that of an upper layer (second amorphous
silicon film 215).

Alternatively, it is also possible to deposit the first amor-
phous silicon film 214 and the second amorphous silicon film
215 having the different crystallization rates, by actively
switching deposition conditions during the deposition of the
amorphous silicon film. For instance, it is possible to deposit
the first amorphous silicon film 214 and the second amor-
phous silicon film 215 having the different crystallization
rates, by changing a ratio of concentration or a flow rate of a
source gas of the silane gas (SiH,) and the hydrogen gas (H,)
or by changing a pressure inside the vacuum apparatus.

With this, it is possible to simultaneously form the first
amorphous silicon film 214 and the second amorphous silicon
film 215 satistying E_,<E,.,. It is to be noted that because the
first amorphous silicon film 214 and the second amorphous
silicon film 215 are formed by the continuous deposition, the
first amorphous silicon film 214 and the second amorphous
silicon film 215 can be also considered as a single film includ-
ing two layers (first amorphous silicon film 214 and second
amorphous silicon film 215) having different crystallization
rates.

Moreover, with the above step, it is possible to form an
intrinsic semiconductor layer including the first amorphous
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silicon film 214 and the second amorphous silicon film 215
having different electron affinities. In this embodiment, it is
possible to form the first amorphous silicon film 214 and the
second amorphous silicon film 215 to allow the electron
affinity of the first amorphous silicon film 214 to be greater
than that of the second amorphous silicon film 215.

Furthermore, with the step, it is possible to form an intrin-
sic semiconductor layer including the first amorphous silicon
film 214 and the second amorphous silicon film 215 having
different band gaps. In this embodiment, it is possible to form
the first amorphous silicon film 214 and the second amor-
phous silicon film 215 to allow the band gap of the first
amorphous silicon film 214 to be closer to a band gap of the
crystalline silicon thin film 113 than to the band gap of the
second amorphous silicon film 215.

Itis to be noted that like the thin-film semiconductor device
100 described in Embodiment 1, the semiconductor films
113a and 1135, the first intrinsic semiconductor films 214a
and 2145, and the second intrinsic semiconductor films 2154
and 2154 are formed by patterning the crystalline silicon thin
film 113, the first amorphous silicon film 214, and the second
amorphous silicon film 215 after the contact layer film 116 is
formed.

As described above, in the thin-film semiconductor device
200 according to this embodiment, because the intrinsic semi-
conductor layer is formed of the first intrinsic semiconductor
films 214a and 2145 and the second intrinsic semiconductor
films 215a and 2155, it is possible to adjust the energy levels
of the first amorphous silicon film 214 included in the first
intrinsic semiconductor films 214a and 2145 and the second
amorphous silicon film 215 included in the second intrinsic
semiconductor films 215a and 2155, by changing the electron
affinities, crystallization rates, or band gaps of the first amor-
phous silicon film 214 and the second amorphous silicon film
215. With this, it is possible to increase source-drain current
characteristics, thereby providing an efficient thin-film semi-
conductor device.

It is to be noted that although the first amorphous silicon
film 214 and the second amorphous silicon film 215 are
formed by the continuous deposition in the same vacuum
apparatus in the method for fabricating according to this
embodiment, the first amorphous silicon film 214 and the
second amorphous silicon film 215 may be separately depos-
ited in separate steps under different deposition conditions.
With this, it is possible to reduce a variation in each element
of the first amorphous silicon film 214 and the second amor-
phous silicon film 215, and achieve a thin-film semiconductor
device suitable for a large panel.

Moreover, in the method for fabricating according to this
embodiment, the crystalline silicon thin film 113, the first
amorphous silicon film 214, and the second amorphous sili-
con film 215 may be patterned by simultaneous etching in the
same step, or may be separately patterned in separate steps. In
this case, the first amorphous silicon film 214, the second
amorphous silicon film 215, and the crystalline silicon thin
film 113 may have the same shape or different shapes. It is
only necessary that the first amorphous silicon film 214 and
the second amorphous silicon film 215 are formed at least on
the channel regions.

Furthermore, although the energy levels at the lower edges
of'the conduction bands are adjusted by changing the electron
affinities, crystallization rates, or band gaps of the first amor-
phous silicon film 214 and the second amorphous silicon film
215 by adjusting the deposition conditions in the step of
depositing the first amorphous silicon film 214 and the second
amorphous silicon film 215, an adjustment of energy levels at
the lower edges of conduction bands is not limited to this. For
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example, the energy levels at the lower edges of the conduc-
tion bands may be adjusted by doping an impurity such as
carbon to the first amorphous silicon film 214 having silicon
as the main component in the step of depositing the first
amorphous silicon film 214 and the second amorphous silicon
film 215. Alternatively, when energy levels at the upper edges
of'valence bands are adjusted, an impurity such as germanium
may be doped to the first amorphous silicon film 214 having
silicon as the main component in the step of depositing the
first amorphous silicon film 214 and the second amorphous
silicon film 215. It is to be noted that when the impurity such
as carbon and germanium is doped to the first amorphous
silicon film 214, the first amorphous silicon film 214 and the
second amorphous silicon film 215 are preferably deposited
in separate steps.

Moreover, in this embodiment, because electrons accumu-
lated on the side of the drain electrode cause spikes in the
conduction bands, the spikes may be reduced by adjusting the
energy levels at the lower edges of the conduction bands. In
addition, it is also conceivable that positive holes accumu-
lated on the side of the source electrode cause spikes in the
valence bands. In this case, spikes in valence bands of the
crystalline silicon thin film 113, the first amorphous silicon
film 214, and the second amorphous silicon film 215 may be
reduced by adjusting the energy levels at the upper edges of
the valence bands.

In this case, as stated above, by changing the electron
affinities, crystallization rates, or band gaps of the crystalline
silicon thin film 113, the first amorphous silicon film 214, and
the second amorphous silicon film 215, it is possible to adjust
the energy levels at the upper edges of the valence bands of the
semiconductor films. Alternatively, itis also possible to adjust
the energy levels at the upper edges of the valence bands of the
semiconductor films such as the first amorphous silicon film
214 having silicon as the main component, by doping the
impurity such as germanium (Ga) to the semiconductor films.
Because such doping of germanium or the like allows band
offsets on the sides of the valence bands, it is possible to
change the energy levels at the upper edges of the valence
bands of the semiconductor films such as the first amorphous
silicon film 214.

Embodiment 3

The following describes Embodiment 3 according to a
further aspect of the present invention. A thin-film semicon-
ductor device according to this embodiment differs from the
thin-film semiconductor device according to Embodiment 1
in that each of the contact layers of the two thin-film transis-
tors of the thin-film semiconductor device according to
Embodiment 1 is formed in contact with and above the cor-
responding one of the portions of the semiconductor layer.

FIG. 15 is a schematic diagram showing a structure of the
thin-film semiconductor device according to this embodi-
ment. (a) in the figure is a top view, and (b) in the figure is a
cross-sectional view along D-D' line. It is to be noted that the
same reference signs are assigned to structural elements in
FIG. 15 that are the same as those shown in FIG. 1.

As shown in FIG. 15, a thin-film semiconductor device 300
is a thin-film semiconductor device including thin-film tran-
sistors 300a and 30056 having opposite polarities. The thin-
film transistors 300a and 3005 are formed on a substrate 310,
gate electrode 3114 and the gate electrode 3115 formed on the
substrate 310, and a gate insulating film 312 formed on the
substrate 310 and the gate electrodes 311a and 3115, and
constitute a complementary metal-oxide-semiconductor
(CMOS) device.
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The thin-film transistor 300a, one of the two thin-film
transistors, is a transistor of n-type conductivity, the first
conductivity type, and includes: a semiconductor layer
formed above the gate electrode 3114 and having a channel
region; contact layers 316« and 3165 of n-type conductivity
each of which is formed in contact with and above a corre-
sponding one of portions of the semiconductor layer; a source
electrode 320a formed on the contact layer 316¢; and a drain
electrode 3205 formed opposite to the source electrode 320a
on the contact layer 3165. Moreover, a channel protection
layer 315a is formed above the semiconductor layer. Further-
more, the semiconductor layer includes a semiconductor film
313a and an intrinsic semiconductor layer 3144 that is formed
between the semiconductor film 313a and the channel pro-
tection layer 3154. Here, the source electrode 320a and the
drain electrode 3205 correspond to the first source electrode
and the first drain electrode in the present invention, respec-
tively. In addition, the contact layers 316a and 3165 corre-
spond to the first contact layer in the present invention.

The thin-film transistor 30054, the other of the two thin-film
transistors, is a transistor of p-type conductivity, the second
conductivity type opposite to the first conductivity type, and
includes: a semiconductor layer formed above the gate elec-
trode 3115 and having a channel region; contact layers 317a
and 31754 of p-type conductivity each of which is formed in
contact with and above a corresponding one of portions of the
semiconductor layer; a source electrode 320¢ formed on the
contact layer 3174; and a drain electrode 3204 formed oppo-
site to the source electrode 320c¢ on the contact layer 3175.
Moreover, the channel protection layer 3154 is formed above
the semiconductor layer. Furthermore, the semiconductor
layer includes a semiconductor film 3135 and an intrinsic
semiconductor layer 3145 that is formed between the semi-
conductor film 3135 and a channel protection layer 3155.
Here, the source electrode 320¢ and the drain electrode 3204
correspond to the second source electrode and the second
drain electrode in the present invention, respectively. In addi-
tion, the contact layers 317a and 317b correspond to the
second contact layer in the present invention.

Moreover, a method for fabricating the thin-film semicon-
ductor device 300 is substantially identical to the method for
fabricating the thin-film semiconductor device 100 described
in Embodiment 1. The following describes differences only.

As shown in FIG. 15, in the method for fabricating the
thin-film semiconductor device 300, an n-type contact layer
film included in the contact layers 316a and 3165 is formed on
an amorphous silicon film included in the intrinsic semicon-
ductor layers 314a and 314b, to cover the channel protection
layers 315a and 31554. Subsequently, before the amorphous
silicon film is etched by dry etching, a p-type contact layer
film having a polarity opposite to that of the n-type contact
layer film is formed on the amorphous silicon film to cover the
n-type contact layer film and the channel protection layer
3155.

Then, the p-type contact layer film is removed from the
surface of the n-type contact layer film, and the crystalline
silicon thin film and the amorphous silicon layer are etched by
dry etching. With this, the semiconductor film 313a and the
intrinsic semiconductor layer 314a constituting the thin-film
transistor 300a and the semiconductor film 3134 and the
intrinsic semiconductor layer 3145 constituting the thin-film
transistor 3005 are formed in isolation. Moreover, only the
contact layers 3164 and 3165 are formed on the intrinsic
semiconductor layer 314a, and only the contact layers 3174
and 3175 are formed on the intrinsic semiconductor layer
3145.
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It is possible to etch the contact layer film, the crystalline
silicon thin film, and the amorphous silicon film to a desired
depth by detecting and strictly controlling, by using the above
EPM, a depth to which the contact layer film, the crystalline
silicon thin film, and the amorphous silicon film are etched or
an etching end timing

With this configuration, in comparison to a method for
fabricating a CMOS structure using low-temperature poly-
silicon (LTPS), the p-type TFT and the n-type TFT can be
formed differently without a step of impurity implantation,
and thus it is possible to deal with increasing the CMOS
structure in size, which has been conventionally difficult
using the UTPS. Moreover, it is possible to reduce the number
of masks for impurity implantation. Thus, it is possible to
reduce the cost of fabricating the CMOS structure.

Next, an example where the thin-film semiconductor
device according to this embodiment is applied to a display
device is described with reference to FIG. 16. It is to be noted
that an example of application to an organic EL display device
is described in this embodiment.

FIG. 16 is a partially cutaway perspective view of an
organic EL display device according to this embodiment of
the present invention. The above thin-film semiconductor
device can be used as a switching transistor of an active
matrix substrate in the organic EL display device, a driving
transistor of the same, or a driver placed outside of a panel.

As shown in FIG. 16, an organic EL display device 20
includes: an active matrix substrate (TFT array substrate) 21;
pixels 22 arranged in a matrix on the active matrix substrate
21, pixel circuits 23 connected to the pixels 22 and arranged
in an array on the active matrix substrate 21; an anode 24, an
organic EL layer 25, and a cathode 26 (transparent electrode)
sequentially stacked on the pixels 22 and the pixel circuits 23;
and source lines 27 and gate lines 28 that connect a control
circuit (not illustrated) to each of the pixel circuits 23. The
organic EL layer 25 includes stacked layers such as an elec-
tronic transport layer, an emission layer, and a hole transport
layer.

Next, a circuit configuration of each of the pixels 22 in the
organic EL display device 20 is described with reference to
FIG. 17. FIG. 17 is a diagram showing a circuit configuration
of'a pixel using a thin-film semiconductor device according to
this embodiment of the present invention.

As shown in FIG. 17, the pixel 22 includes a driving tran-
sistor 31, a switching transistor 32, an organic EL element 33,
and a capacitor 34. The driving transistor 31 is a transistor that
drives the organic EL element 33, and the switching transistor
32 is a transistor for selecting the pixel 22.

The switching transistor 32 has a source electrode 32S
connected to one of the source lines 27, a gate electrode 32G
connected to one of the gate lines 28, and a drain electrode
32D connected to the capacitor 34 and the gate electrode 31G
of the driving transistor 31.

The driving transistor 31 has a drain electrode 31D con-
nected to a power line 35 and a source electrode 31S con-
nected to the anode of an organic EL element 33.

In this configuration, when a gate signal is input to the gate
line 28 to turn the switching transistor 320N, a signal voltage
supplied through the source line 27 is applied to the capacitor
34. The hold voltage applied to the capacitor 34 is held
throughout a one frame period. With the hold voltage, con-
ductance of the driving transistor 31 changes in an analog
manner, and a drive current corresponding to an emission
gradation flows from the anode of organic EL element 33 to
the cathode of the same. With this, the organic EL element 33
emits light, thereby displaying a predetermined image.



US 9,209,309 B2

35

It is to be noted that the organic EL display device using the
organic EL. element is described in this embodiment, the
thin-film semiconductor device can be applied to another
display device using the active matrix substrate such as a
liquid crystal display device, a solid-state imaging device, a
display panel, a mother substrate for mobile terminal panel,
and so on. In particular, the display device thus configured can
be used as a flat panel display and applied to every electronic
device having a display panel such as a television set, a
personal computer, and a cellular phone. In addition, the
display device can be applied to a CMOS sensor, a solid-state
imaging device using a CMOS sensor, and an electronic
device such as a digital camera.

Although the thin-film semiconductor device and the
method for fabricating the same in the present invention are
described above based on the embodiments, the thin-film
semiconductor device and the method for fabricating the
same in the present invention are not limited to the embodi-
ments.

For instance, although the contact layers 116a and 1165
and the contact layers 1175 and 117¢ are used as the contact
layers of n-type conductivity and the contact layers of p-type
conductivity, respectively, in the embodiments, the contact
layers 116a and 1165 and the contact layers 1176 and 117¢
may be used as the contact layers of p-type conductivity and
the contact layers of n-type conductivity, respectively.

Moreover, although the CMOS-type TFT including the
n-type thin-film transistor and the p-type thin-film transistor
is described as the thin-film semiconductor device in the
embodiments, the thin-film semiconductor device may be a
CMOS-type TFT used as a selection transistor or a driving
transistor in a pixel circuit or a CMOS-type TFT used as a
driver provided outside pixels or the like, for example.

Furthermore, the thin-film semiconductor device is not
limited to the CMOS-type TFT, and may have one of the
n-type transistor and the p-type transistor used as a transistor
in a pixel circuit and the other of the n-type transistor and the
p-type transistor used as a transistor in a driver circuit.

Moreover, although the intrinsic semiconductor films are
configured to have the crystal silicon grains whose grain size
gradually increases toward the semiconductor film in the
embodiments, the intrinsic semiconductors may each be con-
figured to have a crystal grain (crystal silicon grain) density
that gradually increases toward the semiconductor film. In
this case also, the intrinsic semiconductor films may each be
configured to have the crystallization rate in the thickness
direction that gradually increases toward the semiconductor
film.

Various modifications to the embodiment that can be con-
ceived by those skilled in the art, and forms configured by
combining constituent elements in different embodiments
and modifications thereof without departing from the teach-
ings of the present invention are included in the scope of the
present invention.

INDUSTRIAL APPLICABILITY

An organic thin-film transistor according to the present
invention can be widely used for a display device such as a
television set, a personal computer, and a cellular phone, a
solid-state imaging device such as a digital camera, or various
other electrical devices.

REFERENCE SIGNS LIST

20 Organic EL display device
21 Active matrix substrate
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22 Pixel

23 Pixel circuit

24 Anode

25 Organic EL layer

26 Cathode

27 Source line

28 Gate line

31 Driving transistor

32 Switching transistor

33 Organic EL element

34 Capacitor

35 Power line

100, 150, 200, 300 Thin-film semiconductor device

100a, 1005, 1504, 1505, 2004, 2005, 3004, 3005 Thin-film
transistor

110, 310 Substrate

111a, 1115, 3114, 3115 Gate electrode

112, 312 Gate insulating film

113 Crystalline silicon thin film

113a, 1135, 3134, 3135 Semiconductor film

114 Amorphous silicon film

114a, 1145 Intrinsic semiconductor layer

115 Channel protection layer forming film

115a, 1155, 3154, 3155 Channel protection layer

116, 117 Contact layer film

116a, 1165, 117a, 1175, 117¢, 316a, 3165, 317a, 3175
Contact layer

120a, 120c¢, 320a, 320c¢ Source electrode

1205, 1204, 3205, 320d Drain electrode

213a, 2135 Semiconductor film

214 First amorphous silicon film

214a, 21456 First intrinsic semiconductor layer

215 Second amorphous silicon film

215a, 21556 Second intrinsic semiconductor layer

The invention claimed is:

1. A thin-film semiconductor device having at least a first
thin-film transistor and a second thin-film transistor,

wherein the first thin-film transistor includes:

a first gate electrode;

a first insulating film on the first gate electrode;

a first semiconductor layer which is on the first insulating
film and has, as a channel region, a region that is opposite
to the first gate electrode with the first insulating film
therebetween;

a first contact layer of a first conductivity type in contact
with and above at least a portion of the semiconductor
layer;

a first source electrode on the first contact layer; and

a first drain electrode opposite to the first source electrode
on the first contact layer, and

the second thin-film transistor includes:

a second gate electrode;

a second insulating film on the second gate electrode;

a second semiconductor layer which is on the second insu-
lating film and has, as a channel region, a region that is
opposite to the second gate electrode with the second
insulating film therebetween;

a second contact layer of a second conductivity type in
contact with at least a portion of sides of the semicon-
ductor layer, the second conductivity type being differ-
ent from the first conductivity type;

a second source electrode on the second contact layer; and

a second drain electrode opposite to the second source
electrode on the second contact layer.

2. The thin-film semiconductor device according to claim
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wherein the first contact layer and the second contact layer
have an average grain size smaller than an average grain
size of the channel regions.
3. The thin-film semiconductor device according to claim
15
wherein the first thin-film transistor has a first channel
protection layer above the first semiconductor layer, and
in the first thin-film transistor, the first channel protection
layer has a channel direction length less than a channel
direction length of the first semiconductor layer.
4. The thin-film semiconductor device according to claim
15
wherein the second thin-film transistor has a second chan-
nel protection layer above the second semiconductor
layer, and
in the second thin-film transistor, the second channel pro-
tection layer has a channel direction length equal to a
channel direction length of the second semiconductor
layer.
5. The thin-film semiconductor device according to claim
15
wherein each of the first semiconductor layer and the sec-
ond semiconductor layer includes a semiconductor film
and an intrinsic semiconductor layer that is non-crystal-
line and formed above the semiconductor film, and
the first conductivity type is an n-type, and the second
conductivity type is a p-type.
6. The thin-film semiconductor device according to claim
15
wherein each of the first contact layer and the second
contact layer is formed above a corresponding one of the
first channel protection layer and the second channel
protection layer.
7. The thin-film semiconductor device according to claim
15
wherein the first insulating film and the second insulating
film are connected.
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8. The thin-film semiconductor device according to claim
15
wherein at least one of the first semiconductor layer and the
second semiconductor layer includes:
a semiconductor film; and
an intrinsic semiconductor layer that is non-crystalline and
formed between the semiconductor film and a channel
protection layer.
9. The thin-film semiconductor device according to claim
85
wherein E_ <E_, is satisfied, where energy levels at lower
edges of conduction bands of the semiconductor film
and the intrinsic semiconductor layer are B, and E,_,,
respectively.
10. The thin-film semiconductor device according to claim
85
wherein the intrinsic semiconductor layer includes a first
intrinsic semiconductor film formed on the semiconduc-
tor film, and a second intrinsic semiconductor film
formed on the first intrinsic semiconductor film, and
the first intrinsic semiconductor film and the second intrin-
sic semiconductor film have different electron affinities.
11. The thin-film semiconductor device according to claim
10,
wherein the first intrinsic semiconductor film has a crys-
tallization rate higher than a crystallization rate of the
second intrinsic semiconductor film.
12. The thin-film semiconductor device according to claim
10,
wherein an energy level E_, at a lower edge of a conduction
band of the semiconductor film and an energy level E_,
at a lower edge of a conduction band of the first intrinsic
semiconductor film are adjusted to prevent a spike from
occurring in a connection part of the semiconductor film
and the first intrinsic semiconductor film.
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